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Abstract
The characterisation of the indoor radio channel has been an active area of research in the last 
decades, and this is likely to continue with the increasing importance of wireless techniques for 
the provision of connectivity within homes and offices.
This thesis gives a survey of existing models for the indoor radio channel, noting that site- 
specific predictions are often of limited use owing to the difficulty of determining accurate 
details of the indoor environment.
While ray tracing models, for instance, are potentially capable of offering highly accurate 
prediction, this promise is seldom fulfilled in practice owing to the difficulty of capturing the 
necessary input data for such models.
As a consequence, statistical treatments of the indoor channel are popular, and two such 
models for the temporal response of the wideband channel are discussed in some detail. These 
models, however, rely on the use of empirical parameters that will either represent only the 
generality of buildings, or will need to be determined by measurement for each specific case. 
An alternative model was therefore sought which combined physical and statistical elements to 
introduce a greater degree of site-specificity.
The initial modelling reported in this thesis took, as its basis, the methods developed within the 
acoustic community for the prediction of impulse response within reverberant rooms. The 
thesis then proposes a new model for the prediction of the average power delay profile (PDF) 
within a room, taking the extreme room dimensions as parameters to allow the accommodation 
of site-specific detail.
A measurement campaign, using a channel sounder developed for the purpose, is described, 
and the results compared with the predictions offered by the new model.
Finally, the thesis suggests ways in which the new model might be used as a component of 
other, more general, models for the indoor radio channel.
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Introduction
Chapter 1 : Introduction
This thesis is concerned with the modelling of the indoor radio channel. This has been a very 
active field in the last decades, as the use of wireless devices for a wide range of applications 
has expanded enormously
Most initial interest focussed on the service provided to indoor terminals by broadcast 
transmitters and cellular radio base stations located outdoors. As users of radio systems have 
come to expect seamless coverage, and as the cost of low-power base station equipment has 
fallen, it is increasingly common for so-called cellular ‘picocells' to be provided within 
buildings such as airports, shopping centres and other public spaces. The frequencies used by 
such systems are around 100 MHz and 200 MHz for broadcast radio (FM and DAB 
respectively) and 900 MHz, 1.8 GHz and 2 GHz for cellular networks. At an even smaller 
scale, ‘Femtocells' are now being promoted, where domestic users are provided with a very 
low-power cellular base station to allow the reliable use of their existing mobile handset within 
the home.
In parallel with the increasing availability of traditional telecommunications and broadcast 
services, the last decade has seen the explosive growth of systems intended to allow wireless 
data connectivity. The most popular and widely available examples of such systems are those 
standardised by the IEEE 802.11 group, and genetically marketed under the “Wi-FF banner. 
The 802.11 standards provide for short-range (typically less than 100m) links using a variety of 
modulation schemes to provide data rates between 1 and 20 Mbit/s, and operate at either
2.4 GHz or 5.8 GHz.
Other indoor services include cordless telephones, now generally using the DECT digital 
standard and operating at 1.9 GHz, and a wide range of remote control devices.
In addition to these conventional technologies, which make use of bandwidths between 
200 kHz and 20 MHz, recent US and European legislation will allow the use of ‘ultra- 
wideband’ (UWB) devices which provide short-range, high-bitrate connectivity using very 
large RF bandwidths (>500 MHz or >20% of the centre frequency). The original UWB systems 
made use of narrow pulses to excite an antenna directly, spreading energy over a wide 
bandwidth without the use of a traditional radio frequency carrier. Information is carried in 
such systems by methods such as pulse position modulation. Partly on account of the difficulty 
of shaping the spectrum of such signals to conform to regulatory requirements, current 
commercial UWB systems generally make use of more traditional techniques, such as
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orthogonal frequency division multiplexing (OFDM). One of the principal initial uses of UWB 
systems is likely to be for the interconnection of audiovisual equipment, such as flat-screen 
television displays, satellite TV receivers and DVD players.
The design, deployment and regulation of systems such as those described are all crucially 
dependent on accurate propagation modelling. In many ways, the indoor radio environment is 
benign compared to the outdoor channel; required ranges are small, buildings provide shielding 
from interference and multipath energy has short delay times, allowing the use of higher 
bandwidths. As terminals are generally stationary, or moving at walking speed, Doppler effects 
are slight. On the other hand, the indoor environment is enormously variable, and difficult to 
categorise meaningfully.
The regulator, responsible for setting the technical parameters under which a proposed system 
may be allowed to operate will seek to predict the levels of interference between new and 
existing systems, and will require reliable models for path-loss within and between buildings. 
In such applications, deterministic modelling is seldom necessary, but any model must be 
statistically reliable.
An operator, or contractor, charged with the installation of base station equipment within a 
building will require estimates of the coverage available from alternative locations. In many 
cases, these will be assessed subjectively, on the basis of experience, and modified as 
necessary after installation but for major projects (such as the provision of services within an 
airport) formal predictions based on site-specific modelling tools may be employed.
Finally, the system designer will require a comprehensive understanding of the channel which 
he has to exploit. At the simplest level, this will include an understanding of the maximum path 
loss to be accommodated, and the depth and rapidity of fading suffered by the channel. Almost 
all new systems may be defined as wideband, however, in that the channel fades selectively 
across the occupied bandwidth. The accurate characterisation of the wideband channel is then 
crucial to the design of a modulation and coding strategy that will make the most efficient use 
of that channel.
The work described in this thesis is largely concerned with measurement and predictions of 
such wideband characteristics of the indoor channel, and in particular, with predicting the form 
of the power delay profile (and hence delay spread). This information is of particular relevance 
to system designers, as channel delay spread will either provide a limit to the capacity of a
2
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system using a simple modulation scheme, or will dictate the parameters of more complex 
architectures (such as COFDM).
1.1 Objectives
The objective of the work described in this thesis was to develop a model that might be used 
statistically to characterise the power delay profile of the indoor radio channel in individual 
rooms, as well as to develop and employ a measurement system to allow experimental 
verification of the model.
1.2 Achievements
A novel model has been developed, which makes use of simple input parameters to provide a 
statistically reliable characterisation of the indoor radio channel in a single room. This model 
allows the impact of clutter within the room to be accounted for.
A measurement campaign has been carried out at a number of different sites to assess the 
performance of the radio channel model and comparison with the model results has shown 
good agreement. A novel aspect of these measurements is that each room has been measured in 
both cluttered and uncluttered conditions.
1.3 Publications
This work has led to the following publications.
• Rudd, R.F. and Saunders, S.R. “Statistical modelling of the indoor radio channel — an 
acoustic analogy”, IEE International Conference on Antennas and Propagation, Exeter, 
(2003).
• Rudd, R.F. “Physical-statistical model for the prediction of power delay profile of 
indoor channel”, IEE Electronics Letters, 42, 17, pp.957-958, (Aug 2006).
• Rudd, R.F. “The Prediction of Indoor Radio Channel Impulse Response”, paper 
accepted for 2nd European Conference on Antennas and Propagation (EuCAP 07), 
Edinburgh, November 2007.
1.4 Structure o f the Thesis
This thesis is divided in six chapters, the first of which serves as an introduction and outlines 
the motivation behind the development of the model. It also summarises the achievements and 
the publications that have been an outcome of the thesis.
Introduction
Chapter 2 gives an overview of the characteristics of the indoor radio channel, and describes 
existing approaches to the modelling of this channel. The differences and similarities between 
these models are discussed, and the practical limits to their utility summarised.
Chapter 3 is concerned with the measurement systems used in this work and sets out the 
details of the development by the author of a compact, cheap and versatile sounder operating at
2.4 GHz with a lOnS resolution. This sounder has since been used in support of a number of 
other measurement campaigns. Though justified on the grounds of simplicity and cost, this 
sounder has a number of limitations, and some discussion is included of design improvements 
that have since been implemented in other equipment.
Chapter 4 describes the measurement campaigns that have been used to inform model 
development, and to validate the final model. Measured results are compared with those 
reported by other workers, noting the very wide statistical spread in results. Some of this 
variation is attributed to differences in experimental approach, but the majority appears to be 
attributable to the uncertainty with which the electrical properties of buildings, and of their 
environments, can be determined.
Chapter 5 summarises the work undertaken to develop a model for the indoor radio channel. 
Initially, an approach based on that used over many years by the acoustic modelling 
community was adopted.
The theoretical and practical limitations of this original model are discussed, and the 
divergence of the model output from empirical results examined.
A simplified approach that has been found to yield good results is then introduced, and 
justified by empirical data.
Chapter 6 examines possible extensions to the basic model, to cover the prediction of impulse 
responses across boundaries within buildings, or into the building from outside, and to 
accommodate the use of circular polarisation. An initial model for the latter, with empirical 
comparison, is presented. This chapter also provides a concluding summary of the thesis.
Two annexes provide further information with regard to the ray-tracing software tool that was 
developed by the author in the course of this project. Annex A gives a brief description of the 
software and algorithms, while Annex B is a collation of published data on the electrical 
constants of building materials.
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Chapter 2: The indoor radio channel -  characteristics and 
models
This chapter gives an overview of the characteristics of the indoor radio channel, and describes 
existing approaches to the modelling of this channel. The differences and similarities between 
these models are discussed, and the practical limits to their utility summarised.
2.1 Review of indoor propagation modelling
This has been a very active field for some 15 years, inspired initially by the increasing 
penetration of cellular telephony, and then by the interest in wireless LAN systems such as the 
IEEE 802.11 standards and, latterly, UWB systems.
A number of subdivisions can be made when considering this field. Empirical studies have 
been carried out using narrowband equipment to determine overall path losses, while wideband 
measurement campaigns have investigated the time and frequency domain behaviour of the 
indoor radio channel.
In addition to this division, attention has also been directed towards the study of propagation in 
corridors, tunnels and mines, and in the related field of propagation into or between buildings.
Two substantial, but now dated, review papers set out to summarise research on the indoor 
channel in the early 1990s. That of Molkdar [1991] summarises measurements relating both to 
the narrowband, path-loss, characteristics of the channel, and to the wideband impulse 
response. An alternative survey is that by Hashemi [1993] which gives a greater emphasis to 
the wideband channel and to the characterisation of impulse response. Information from both 
these surveys is quoted below, but, somewhat surprisingly, no more recent, comprehensive 
review papers on indoor propagation have been identified, despite the very large number of 
publications in the area in the intervening years.
2.1.1 The narrowband channel
This thesis is largely concerned with the characterisation of wideband channel behaviour, but 
such detail is often unnecessary, as for example, when predicting levels of interference 
between systems. The following section gives a brief survey of some of the approaches used 
for modelling the narrowband indoor channel.
5
The indoor radio channel -  characteristics and models
2.1.2 Path loss
Many workers have concentrated on empirical, statistical or deterministic estimates of path loss 
within buildings, and much of this work also forms a necessary input to more complete channel 
models.
The simplest models are generally of the form:
L=S + m log (d) (2-1)
Where the path loss in dB (Z) increases with distance (d), with a gradient m. If d  is in metres, 
the offset S represents the isotropic path loss in dB at 1m. For the free space case, m will be 20. 
A very wide spread of values for the gradient, m, have been determined experimentally, with 
typical values between 30 and 60 (path loss exponent of 3 to 6) in domestic and office 
buildings. Exponent values less than 2.0 are often observed in corridors [Fiacco, 1998b], 
[Saleh, 1987], indicating some degree of waveguiding or focussing. In such situations, waves 
are constrained to propagate along a corridor by multiple reflection from the walls, ceiling and 
floor, reducing spreading loss in a manner similar to that within a waveguide, though 
(generally) with much higher losses on reflection from the dielectric surfaces involved.
Given the very wide variation of physical characteristics and paths both within buildings and 
between buildings, such simple models are rarely of great practical use. Greater account may 
be taken of site specific effects by adding explicit factors to account for transmission loss 
through partitions, walls, floors and ceilings. This is the approach adopted by Keenan and 
Motley [Kennan, 1990], which gives an expression of the form:
L = S + 20log (d) + Nf.Af + Nw.Aw (2-2)
Here free space loss is assumed, with explicit addition of the attenuation (Af, Aw) due to the 
number (Nf, Nw) of floors or walls traversed on the direct path from transmitter to receiver.
A similar approach is adopted by the ITU-R [ITU-R 1238], which gives S as an explicit 
function of frequency:
S = 20.log (f)-28 (2-3)
where f  is in MHz, and the -28 factor has been rounded from the more exact value o f -27.56. In 
the ITU formulation, only floor losses are accounted for explicitly, while the presence of walls 
and partitions is accommodated by a change in the distance exponent. The Recommendation 
gives representative values which are reproduced in Table 2-1 and Table 2-2.
The indoor radio channel -  characteristics and models
Table 2-1: Power loss coefficients, m, for indoor transmission loss calculation. From
[ITU-R, 1238]
Frequency Residential Office Commercial
900 MHz - 33 20
1.2-1.3 GHz - 32 22
1.8-2 GHz 28 30 22
4 GHz - 28 22
5.2 GHz - 31 -
60 GHz(l) - 22 17
70 GHzW - 22 -
(1) 60 GHz and 70 GHz values assume propagation within a single room or space, and do not include any 
allowance for transmission through walls. Gaseous absorption around 60 GHz is also significant for 
distances greater than about 100 m which may influence frequency reuse distances (see 
Recommendation ITU-R P.676).
Table 2-2: Floor penetration loss factors, Z/(dB) with n being the number of floors 
penetrated, for indoor transmission loss calculation (n > 1)
From [ITU-R, 1238]
Frequency Residential Office Commercial
900 MHz 9 (1 floor) 
19 (2 floors) 
24 (3 floors)
1.8-2 GHz 4 n 15 + 4 (re -  1) 6 + 3 (re -1)
5.2 GHz - 16 (1 floor) -
Where the direct path between terminals is obstructed by several walls or floors, more indirect 
paths, dependent on diffraction or reflection can become significant [Honcharenko, 1993], 
limiting the overall isolation achieved between terminals. In these situations, models of the 
Keenan [1990] and [ITU-R, 1238] types can overestimate losses. A simple correction for this 
non-linear dependence on the number of floors traversed is included in one of the empirical, 
narrow band models (the ‘multi wall model, MWM’) adopted by the COST-231 project 
[COST 231]. In this model, the number of floors crossed (N f in Eq.2.2) is modified thus:
N f (effective) = N 1
N f +2
N f +\ (2-4)
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Where b is an empirical parameter with a suggested value of 0.48. The impact of this 
correction on the excess loss due to floor attenuation is illustrated in Figure 2-1, where the loss 
between adjacent floors takes the suggested value, for 1800 MHz) of 18.3dB.
150
— Linear
— COST 231
o 2 4 6 8
Floors crossed
Figure 2-1: COST 231 correction to limit shielding due to multiple floors
2.1.3 Shadow fading
The models suggested above predict the median path loss at a given range, but the actual path 
loss at a location will be affected by both shadow fading and multipath fading. The former 
effect is due to diffraction effects about clutter local to the terminals, and, as the impact of 
multiple diffractions is multiplicative, will follow a log normal distribution. The standard 
deviation of such fading has been measured by many workers; the results show a considerable 
spread, as might be expected given the diversity of building types and clutter (e.g. furniture, 
people, laboratory or industrial equipment). Some reported values are given in Table 2-3.
8
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Table 2-3: Measured statistics of indoor location variability
Standard
deviation
Building/room
type
Frequency Source
8 dB residential 1 .8 -2 .0  GHz [ITU-R, 1238]
10 dB Office 1 .8 -2 .0  GHz [ITU-R, 1238]
10 dB Commercial 1 .8 -2 .0  GHz [ITU-R, 1238]
12 dB Office 5.2 GHz [ITU-R, 1238]
2 .7 -5 .3  dB Office & 
commercial
1.8 GHz [COST, 231]
3 .6 -11 .5  dB Office 17 GHz [Fiacco, 98b]
3 .6-10.1 dB Office 60 GHz [Fiacco, 98b]
2.1.4 Multipath fading
Most indoor environments are rich in multipath energy, and as a consequence it is to be 
expected that the power received from a CW or narrowband source will exhibit fading due to 
interference between multiple reflected waves and, in most cases, a direct component that may 
be attenuated by diffraction or transmission.
It would be expected that such fading would follow a Rician distribution where a dominant 
direct path exists, and a Rayleigh distribution where all contributions are of comparable 
amplitude, as might be expected in the non-line-of-sight (NLOS) case. Numerous 
measurements have confirmed these expectations, though with some anomalies. For the line- 
of-sight (LOS) cases, Rice k-factor values of 4-7dB and 7-10dB are typical for open and 
cluttered conditions respectively. An example of Rayleigh fading encountered in measurements 
made by the author using a CW source, over a NLOS path, is given in Figure 2-2.
9
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Data 
 Rayleigh
ÜQ.
Ero
CO
Fading amplitude (V)
Rayleigh
2Q.
Figure 2-2: Rayleigh fading (indoor, NLOS path, 1.3 GHz)
The data plotted in Figure 2-2 represents some 70 samples gathered along a path of ~lm , using 
a robot positioner to move the sampling antenna. It illustrates the problems of obtaining a 
sufficient density of measurements to allow an accurate estimate of underlying statistics to be 
made.
2.1.5 Impact of clutter
In general, measurement data have been gathered for the case of rooms with typical levels of 
clutter, as these are representative of the environments within which actual radio systems will 
be required to work. While many of the empirical studies have categorized their results in 
terms of building or room use (e.g. office, laboratory, residential) there have been very few 
studies seeking directly to measure the impact of clutter on the channel. One result reported in 
[COST 231] suggests that the path loss exponent decreases from 3.8 to 3.4 in the presence of 
furniture -  a result which might seems counterintuitive as higher values of diffraction loss 
would generally be expected. The result might indicate a higher level of scattered power in the 
furnished case.
2.1.6 Building penetration loss
Many terrestrial systems, such as FM and DAB radio broadcasting or cellular radio, are 
designed to provide some degree of indoor coverage, and an understanding of the statistics of 
building entry loss is clearly of importance to the planners of such systems. In other cases, it is 
necessary to predict the levels of interference that might arise between systems located inside 
and outside a building, of in different buildings.
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There has traditionally been some confusion in the definition of building penetration1 loss as 
evidenced in the following examples. ITU-R Recommendation P. 1406 [ITU-R 1406] quotes a 
definition of building entry loss as “the difference between the signal measured outside the 
building at street level and that measured inside the building”. [ITU-R 1411] states that 
Building entry loss is the excess loss due to the presence o f a building wall (including 
windows and other features). It is defined as the difference between the signal level outside and 
inside the building at the same heighf\ The second definition implies that penetration loss is to 
be understood as the difference between the field strength immediately inside and immediately 
outside the building. Most generally, it has been assumed that measurements should be made 
on the side of the building nearest the transmitter, and one of the standard indoor propagation 
models such as that of Keenan and Motley [Keenan, 1990] applied to determine field strengths 
elsewhere in the building. This ignores the complex nature of propagation through, within and 
around building structures.
[ITU-R 1406] notes simply that “propagation losses incurred through entering a building can 
vary considerably depending on the type o f  the building and the construction materials. The 
frequency o f  the signal and its angle o f  incidence are also significant. Consequently, loss 
values can range from a few  to many tens o f  decibels”. More guidance is offered in [ITU- 
R 1411] which quotes a mean entry loss value of 12dB for an office building at 5.2 GHz, with 
a standard deviation of 5dB. Table 7 of this reference also provides a table showing the 
variation of loss through a stone wall with incidence angle at 5.2 GHz. Values of between 
28dB (normal incidence) to 50dB (70 degree incidence) are quoted, but it appears that these 
values relate of a single wall taken in isolation — much lower values are generally experienced 
when measurements are made in real buildings of mixed materials with apertures.
[ITU-R 679] offers more pragmatic guidance for the case of satellite signals received within 
buildings, without attempting to define building penetration loss. A number of tables are 
given, quoting loss values at frequencies between 700 MHz and 5 GHz, for a variety of 
building types and for different locations within the building. For ‘average’ locations in 
buildings of normal (concrete, brick) construction, mean loss values at UHF are typically 
around lOdB with standard deviations of 5-10dB.
1 The term ‘building entiy loss’ is often used, but carries an implication that the transmitter is located outside the 
building. The term ‘building penetration loss’ avoids this implication.
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Measurements have been made, in a separate study, by the author [Rudd, 2003b] of building 
penetration losses at frequencies between 1 and 6 GHz, to investigate dependence on both 
frequency and elevation angle. A helium balloon was used to explore slant paths between the 
horizontal and 75° elevation. The measurements showed an average penetration loss of 11.2dB, 
with the mean loss at 5.7 GHz being 3.5 dB greater than at 1.3 GHz.
A fundamental problem in determining reliable statistics for building penetration loss is that a 
very large number of building types and locations must be sampled to ensure statistical 
validity, implying lengthy and costly measurement campaigns. In an attempt to mitigate this 
problem, a recent study [Bacon, 2007] [Ofcom, 2007] has used an extensive set of ray-traced 
simulations to explore the statistics of path loss in a ‘virtual’ measurement campaign. The 
Ray-trace results were used to derive a simple model based on the use of additive losses for 
building entry and floor intersections. The modelling process highlighted the need to account 
for ‘room gain’, due the ‘waveguiding’ effects referred to above in the context of measured 
path loss exponents <2.0. A further issue noted is that, in applying the simple ‘additive-loss’ 
model, it may not always be appropriate to interpret the ‘indoor path length’ literally as the 
distance within the building in the direction of the source. If a receiver is located on the side of 
a building distant from the transmitter, the dominant path may be via diffraction or reflection 
outside the building, followed by entry through an adjacent aperture (e.g. window) on the 
shadowed side of the building.
2.2 The wideband radio channel and its characterisation
A  radio channel may be classified as ‘narrowband’ if the inverse of the signal bandwidth is 
much greater than the spread in propagation path delays. Equivalently, a narrowband channel is 
one in which fading affects all frequencies within the channel bandwidth equally, i.e. ‘flat 
fading’. In a wideband channel, by contrast, frequency selective fading becomes significant. 
Equivalently, multipath reflections will have time delays comparable to the reciprocal symbol 
rate of a digital channel, potentially giving rise to inter-symbol interference (ISI), and hence bit 
errors.
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2.2.1 Channel characterisation
In dealing with the wideband channel, it is, perhaps, most intuitive to work in the time 
domain2, and to consider the (time-variant) channel impulse response, w ( t ) .  This may be 
represented by the convolution of the input, v ( t ) ,  with the impulse response, h (t,T )  of the 
channel, thus:
w ( t ) =  j h ( t , T ) . v ( t - T ) d r  (2-5)
The impulse response, h(t, t )  is often referred to as the channel1 input delay spreadfunction'. A 
physical representation of this expression would take the form of a tapped delay line.
An equivalent characterisation is possible in the frequency domain. If the channel is considered 
as a filter, it may be represented by a time variant transfer function, T(f,t). This function is 
simply the Fourier transform of the input delay spread function, with respect to t .
If V(f) is the channel input spectrum, the (time-varying) output spectrum is given by:
(24)
The expressions above allow us to consider the channel in terms of time, time delay and 
frequency. In the general case, however, a fourth variable must be considered.
Doppler spreading of spectral components will be present in any mobile channel, and this may 
also be related to h(t,r) and T(f,t). If the Fourier transform of h(t,r) is taken with respect to t, 
instead of t, the ' de lay-Doppler spread function' S ( t , v )  is obtained, giving the Doppler spread 
associated with each delay tap.
Alternatively, the Fourier transform of the time variant transfer function may be taken with 
respect to t to give the ‘output Doppler spread function', H(f,v). This last function relates 
Doppler shift to each channel spectral component.
2 Perhaps because this can be seen to relate in simple terms to the physical environment, where direct, reflected or 
scattered paths will correspond to multipath components at different delays. Most empirical characterisation o f  
such channels has also, historically, been carried out using sounders operating directly in the time domain (pulse 
methods, or sliding correlators) though the use o f  Vector Network Analysers (VNAs) is becoming a popular 
option for high resolution measurement.
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This complete set of channel function was first described by Bello [1963], and the relationships 
between them are often represented graphically, as in Figure 2-3 where the arrows represent 
Fourier transforms (of a time variable to a frequency variable).
Input delay spread 
h(t,r)
Time-variant transfer 
T(f, t)
Output Doppler spread
Delay Doppler spread 
%  y)
Figure 2-3: The Bello functions
Fully to describe a stochastic, randomly time-variant radio channel, it is necessary to determine 
a joint multidimensional PDF. However, a description in terms of autocorrelation functions 
(ACF) is often sufficient, if less exact. If the channel is wide sense stationary (WSS) the 
autocorrelation functions will depend only on time differences, rather than on absolute values. 
Similarly, if uncorrelated scattering (US) can be assumed, the autocorrelation functions will 
depend only on frequency differences. For such channels, if the sounding signal is impulsive, 
the output ACF is given by the Power Delay Profile (PDP), in which the mean power, P, in the 
channel is plotted against delay (x):
P(T) = [ E M ' (2-7)
This presentation allows a simple characterisation of the channel in terms of the moments of 
this profile.
2.2.2 Characterisation by moments of the power delay profile
The PDP, defined above, can be classified by means of its statistical moments. Expressed in 
terms of ray arrivals at discrete delay times, Tj, the first moment is simply the ‘Mean Delay’ 
given by:
14
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2 > ,
T * = - n------- (2-8)
1=1
where is the power associated with the /th ray, and the denominator represents the total 
power {Pm ) in the channel.
The second moment, the Delay Spread, gives the most often-used indicator of the performance 
of a channel. It is given by:
■ (2-9)
An indication of the coherence bandwidth of the channel is given by the reciprocal of the RMS
delay spread and if the delay spread is much less than the symbol duration, little ISI will occur.
Attention must be paid to the dynamic range and noise floor of the measurements. If  samples 
that only represent noise are included in calculations, then Td and S  will be exaggerated, as 
illustrated below.
2.2.2.1 Parameter estimation examples
Measurements made by the author in a small room produced the following PDP.
-60
Eco
1
0.
-80
100
Delay (ns)
Figure 2-4: PDP measured in small room
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If the expressions above are applied to the entire data set, the mean delay and delay spread are 
found to be 25.6 and 8.1 ns respectively. If a window is applied, so that only samples between 
21.5 and 40 ns are accounted for, these figures become 24.6 and 2.1 ns.
-60
100
Delay (ns)
Figure 2-5: Application of window
Alternatively, if a threshold is set, so that only samples exceeding a given amplitude are 
accounted for in the calculations, the channel statistics vary as indicated in Figure 2-6.
------------Mean delay
---------- Delay spread
\
X\
X
-40 -35 -30 -25 -20 -15 -10 -5 0
Threshold (dB)
Figure 2-6: Showing variation of mean delay and delay spread with clipping threshold
level
From an examination of the data (see figures below) a clipping value of -19dB would appear to 
be realistic.
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Figure 2-7: Clipping at -21 dB (delay spread 4.5ns)
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Figure 2-8: Clipping at -19dB (delay spread = 2.1ns)
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Figure 2-9: Clipping at -16dB (delay spread = 1.5ns)
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2.3 Modelling approaches for the wideband indoor channel
2.3.1 Historical survey
Little attention was paid to the detailed characterisation of the indoor radio channel until the 
1980s when two sets of workers undertook measurement programmes which revealed the 
tendency of multipath energy to arrive in clusters. This behaviour made the assumption of a 
Poisson arrival distribution (as suggested in [Turin, 1972] for the outdoor case3) inaccurate.
Following a significant measurement campaign at AT&T Bell labs Saleh & Valenzuela [Saleh, 
1987] proposed a double exponential model to account for this clustering, while Ganesh & 
Pahlaven [Ganesh, 1989] suggested that the modified Poisson ( A-k) model of Suzuki [Suzuki, 
1977] gave a better fit to their own data (gathered in factories and laboratories). Both these 
models are further described below.
In his review paper of 1991 [Molkdar, 1991], Molkdar tabulates a number of empirical values 
of RMS delay spread from the work of Devasirvathen (84-89), [Saleh, 87], Bultitude (89), 
Pahlaven (89) and Rappaport [1989].
He notes the channel modelling work reported in [Sexton, 1989], [Ganesh, 1989] and [Saleh, 
1987] which has “shown that [...] amplitude has a Rayleigh distribution, phase has a uniform 
distribution and time delay components follow the modified [i.e. A- k] Poisson distribution”.
Hashemi produced a series of papers on this topic in 1993-94 [Hashemi 1993a, 1993b, 1994] , 
in which he noted a number of unresolved issues concerning wideband indoor channel 
modelling. In particular the following issues are identified:
• Devasirvatham [1987] and Bultitude [1993] found a dependence of RMS delay spread 
on range while Rappaport [1989] and Saleh and Valenzuela [Saleh, 1987] found no 
such dependence.
• Saleh and Valenzuela [Saleh, 1987] found that data was well modelled by a double 
Poisson arrival process with Ravleizh fading of components while Ganesh & Pahlaven
3 Turin, and later Suzuki [Suzuki, 77] abandoned the simple Poisson assumption in favour o f  a Markov-type 
approach, to give a better fit to measured outdoor characteristics
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[Ganesh, 1991] found a good fit using a modified Poisson process and lognormal 
component fading.
• In an analysis of data gathered [Rappaport, 1989] in factory buildings, the Weibull 
distribution was found [Yegani & McGillan, 1989a] ,[Yegani & McGillan, 1989b] to 
give a good fit where other models failed. The better fit, however, may not reflect any 
underlying physical basis, but is likely due to the additional parameters available to the 
use for tuning.
Hashemi concluded, on the basis of an analysis of 12,000 impulse response estimates 
[Hashemi, 1993b], that:
• The mean number of multipath components in an impulse response estimate increases 
with range. At any range, the number of components is normally distributed.
• A modified-Poisson distribution (A-k model) shows a good fit to the empirical arrival 
times of the multipath components.
• Amplitudes are lognormally distributed over both local and global areas. The log-mean 
amplitude varies almost linearly with distance.
• Amplitude correlation is observed between impulse responses estimates made at 
spatially adjacent points (0.-0.9 at 2cm, decreasing rapidly with distance.
• Adjacent multipath components show negligible correlation.
• RMS delay spread over large areas is normally distributed. The mean increases with 
separation.
2.3.2 Approaches to wideband channel modelling
In a system of infinite resolution, a power delay profile simply consists of a number of discrete 
multipath components, preceded by a line of sight component (which may be greatly 
attenuated). The simplest characterisations are in terms of the envelope of the components, 
which is often assumed to decay exponentially with increasing delay.
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A more complete statistical description of the channel must characterise the intervals between 
these arrivals, the amplitudes of the components, and the way in which the component 
amplitudes vary with time and distance.
2.3.2.1 The Turin / Suzuki6A-K’ model
One of the first models for the wideband channel was that of Turin [1972], who suggested, a 
Poisson arrival rate for the components, with a lognormal amplitude distribution.
A pure Poisson model would be accurate [Hashemi, 1993A] if reflecting surfaces were located 
completely randomly in space. If L represents the number of paths occurring in a time interval, 
T, the Poisson distribution gives the probability P(Z=/) that exactly I paths will occur as:
u le~,d rP(L = /) = — - —  where // = ^A{t)dt is the Poisson parameter with X(t) the mean arrival rate
at time t. In the Poisson process, inter-arrival times are independent, identically distributed 
(IID) random variables with an exponential distribution.
The fit to the Poisson distribution is fair for insensitive receivers (in which only the more 
powerful multipath is observed) but fails for more sensitive observations. In practice, the 
pattern in location of the scatterers in a building, or urban area, ensures a deviation from the 
standard Poisson model.
The discrepancies between the pure Poisson model, and experimental observation were noted 
by Turin, who tentatively suggested a remedy in the form of a two state model. Noting the 
poor fit of such a model to the observed ‘clustering’ of arrivals, he proposed, in a footnote, a 
modified Poisson arrival model (the A-K model) in which the arrival rate toggles between two 
values based on the occupancy, or otherwise, of the previous ‘bin’.
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Figure 2-10: The Turin / Suzuki ‘A-K’ model
The proposal by Turin to use a two-state model better to represent component arrival statistics 
was developed by Suzuki [1977], also in the context of outdoor, urban, channel modelling. 
This model takes into account the clustering of path arrival times by toggling between two 
states, associated with different arrival rates, X or kX. A transition to the ‘higher’ (or Tower’) 
state is triggered by a single arrival, after which the state is maintained for a period A seconds 
(see Figure 2-10 above). If k=l, or A=0, the model reverts to a simple Poisson case.
This model was proposed for indoor use in [Ganesh, 1989], and a good fit was found to the 
indoor channel data measured in the campaign of [Hashemi, 1993b]. It has been suggested 
[Saleh, 1987], however, that the Markovian nature of the model makes it somewhat awkward 
to use in analysis.
This modified model was refined by Suzuki [1977] and applied to the indoor case by Ganesh & 
Pahlaven [Ganesh, 1989], who fitted appropriate ray arrival, and path amplitude decay rates to 
empirical data.
2.3.2.2 The Salah & Valenzuela ‘double exponential’ model
An alternative approach, which also accounts for the clustering of arrivals, was proposed by 
Saleh & Valenzuela [Saleh, 1987], in the light of a series of indoor measurements. In this 
model, separate arrival and decay rates are used for the clusters, and for the rays within a
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cluster. While the peaks, or initial ray-arrivals, of each cluster may be predicted with fair 
accuracy from ray-trace models, the detail of the subsequent rays in each cluster will be 
dependent on the detail of terminal clutter, and cannot readily be predicted. This aspect of 
modelling is considered further in Chapter 5.
Cluster decay exponential
Ray decay exponential
Delay (ns)
Figure 2-11 : The Saleh & Valenzuela model
The approach of Saleh & Valenzuela [Saleh, 1987] employs a double-Poisson model in which 
cluster centres follow a Poisson distribution (i.e. have exponentially distributed interarrival 
times), and individual components within each cluster are also Poisson distributed. The two 
Poisson processes will generally have different arrival rates, as indicated in Figure 2-11 above. 
Based on some 200 impulse response in an office building, using a sounder with a tempral 
resolution of ~5ns, Saleh and Valenzuela [Saleh 1987] estimated these arrival rates as A = 
1/300ns for the clusters and X, = l/5ns for the rays. It was also noted that, in half of the 
measurement locations, only one cluster was observed.
The complex channel impulse response is given by:
h(t) = É Ê A / " ^ '  - T , -  t„) (2-10)
/=0 *=0
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Where pki and 0ki are the gain and phase, respectively, of the k-th ray of the /-th cluster, T) is 
the arrival time of the /-th cluster and % the relative delay of the k-th ray within the /-th 
cluster.
The decay of power in both the rays and clusters is assumed to be exponential with delay, on 
the basis that, as the path becomes longer, it will suffer a larger number of intersections with 
reflecting or attenuating surfaces. The decay constants are therefore increased for rooms that 
are larger, or of greater reflectivity. The gain of the individual rays is assumed to be Rayleigh 
distributed, with mean square values given by:
Æ  = f i 2 (0,0)e("1' /r)e<"r“ (2-11)
Where f t2 (0,0) is the average power gain of the first ray in the first cluster, and F and y are the
decay constants for the cluster and the rays, respectively. On the basis of the 200 measured 
profiles, decay constant values of F=60ns and y=20ns.
In the original paper, it is suggested that the amplitudes of the individual components are 
Rayleigh distributed, though it is noted that the empirical evidence for this is slight. This 
assumption is in contrast with those associated with the ‘A-K’ model, for which Suzuki [1977] 
and Ganesh and Pahleven [1989] proposed the use of a lognormal distribution for urban and 
indoor channel tap amplitudes, respectively.
It seems likely that the explanation for these different assumptions may lie, at least in part, in 
the detail of the experimental arrangements, and the data-reduction process. The resolved ray 
amplitudes will correspond to a complex Gaussian process only if the temporal resolution of 
the sounder, and the characteristics of the environment are such that there is a significant 
probability that several ray arrivals will fall within the same ‘bin’. If this is not the case, it 
might be expected that the amplitudes of individual ray arrivals would be determined by a 
multiplicative process of successive attenuation due to reflection or diffraction, giving rise to a 
lognormal distribution.
The Salah & Valenzuela model has achieved considerable popularity, as it is flexible, and 
straightforward to implement. Figure 2-12 and Figure 2-13 show one sample from a series of 
channel estimates obtained by the author for use in Monte Carlo simulations. In the first figure, 
the individual ray arrivals are illustrated, while, in the second, realistic filtering has been 
assumed to derive a PDP representative of those for traditional (non-UWB) radio systems.
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Figure 2-12: Simulated channel response using Saleh & Valenzuela model showing 
individual ray arrivals [Y-axis shifted by 100dB to allow plotting of ‘stems’)
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Figure 2-13: Simulated channel response using Saleh & Valenzuela model for systems
of two assumed temporal resolutions
It can be seen that, in Figure 2-13, the overall power integrated in the receiver filter response is 
significantly greater than that in the direct ray, owing to the density of multipath arrivals. This 
is the mechanism responsible for the ‘room gain’ discussed in section 2.1.6.
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2.3.2.3 Ray tracing
The wideband (and narrowband) models described above are all, largely, empirical in nature, 
and this can be a very significant drawback when attempting to make predictions in an 
environment as complex, and heterogeneous, as building interiors.
One way to reduce uncertainty is to include, and model the impact of, a much greater level of 
site-specific detail. A popular method for doing so in the indoor case is to make use of ‘ray 
tracing’ techniques [Ofcom, 2007], [Lee, 2001].
With the ready availability of cheap computer power, the computational demands of such an 
approach are no longer a major constraint; a much greater problem, however, relates to the 
gathering of the detailed information necessary to construct an accurate building model.
For some recent buildings, computer aided design (CAD) files may be available, giving precise 
details of dimensions and materials. This is seldom the case, however, and even if such files 
are available, this presupposes that the software format is compatible with the modelling tool.
Even where structural information is available, the materials with which the building is 
constructed will need to be characterised in terms of their electrical constants.
A brief description of a ray-tracing tool, written for the present study, is given in Annex A, 
while the electrical characterisation of building materials is discussed in Annex B.
2.3.2.4 Full-wave channel modelling
As computer processing power has become less of a constraint, so it has become more feasible 
to apply full-wave models to large scale situations such as radio coverage within buildings. 
Such full-wave approaches solve Maxwell’s equations at all points of interest over an area or 
within a volume. Three broad approaches are generally used:
The field at a point or area of interest may be determined by solving for the field at a 
succession of planes transverse to the direction of propagation; the field in each plane being 
determined by that in the previous plane, and by the material constants at boundaries, and the 
refractivity of the medium. The most common approach is to use the parabolic approximation 
of the wave equation. This parabolic equation (PE) approach is very widely used for 
investigating tropospheric ducting and radar coverage issues, but has not often been applied to 
the indoor case, partly, at least, because of the paraxial nature of the prediction which does not 
readily accommodate off-axis propagation paths. Some studies, such as [Magno, 2006] have, 
however, made use of the PE for indoor modelling in specialised circumstances.
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Time-domain methods propagate solutions of the Maxwell equations in time, rather than space, 
making successive predictions for the electric and magnetic fields. Finite Difference Time 
Domain (FDTD) models are well established in applications such as antenna design and 
electromagnetic compatibility (EMC); application to larger-scale problems is more problematic 
owing to the exponential growth in computational complexity with scale. A number of studies, 
however, have used FDTD or related methods to examine relatively simple indoor scenarios 
[Zhong Ji, 2001] [Gorce, 2005]
Integral equation methods, such as the Method of Moments (MoM) or the Fast Multipole 
Method (FMM) solve for the current on boundary surfaces, avoiding the need for field 
evaluation throughout the volume of interest. The storage requirements for the resultant dense 
matrices are still sufficiently demanding, however, to limit application to relatively small 
problems (though the approach is routinely used to study scenarios such as the installed 
performance of antennas on battleships). One indoor modelling exercise is described in [De 
Backer, 1997]
While providing useful tools for the study of canonical cases, none of these full-wave methods 
has yet found significant application in the field of indoor propagation modelling; while the 
computational constraints outlined above are becoming less significant, the requirement for 
very detailed knowledge of the environment is a more fundamental obstacle.
2.3.2.S Acoustic analogies
The acoustic modelling community have been modelling and measuring the impulse response 
of rooms for well over 100 years, and there is a very large body of literature on the topic, for 
example [Kutruff, 1979], [Mankovsky, 1971] and [Sabine, 1964].
Such modelling has represented the behaviour of sound waves within rooms both through 
direct application of the wave equation, and by ray-geometrical models. Both approaches have 
been applied in deterministic and statistical manners. Given the frequent similarities in 
modelling (and, indeed, in measurement techniques), a degree of cross-fertilisation between the 
two disciplines might be expected.
In [Nobles, 1998] the notion of a reverberant (as opposed to direct) field is applied as a 
correction for a narrowband path loss model, while in [Holloway, 1999], acoustic models for 
the prediction of reverberation decay time are applied directly to the radio case.
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These approaches inspired the modelling described in Chapter 5, in which further details of the 
models noted above is given.
2.3.3 The ultrawideband channel
The channel models described above addressed the case of relatively narrow bandwidth 
channels, with correspondingly poor temporal resolution, but recent work (e.g. 
[Cassioli, 2002], [Cramer, 2002], [Irahhauten, 2004] and [Molisch, 2006]) has focussed on the 
modelling of ultrawideband (UWB) systems. Such systems, generally operating across all, or a 
large portion, of the spectrum between 3-10 GHz, have the bandwidth necessary to resolve 
most of the multipath components and one consequence of this is that, as few multipath 
components fall in any given resolution ‘bin’ the assumption of complex Gaussian fading is no 
longer valid. Empirical studies have therefore been used to identify distributions (Nakagami, 
Rice, lognormal) that are more appropriate than Rayleigh statistics.
Another aspect of channel modelling that has required special attention in the UWB context 
relates to the fact that the path gain has significant frequency dependence across the system 
bandwidth, thus distorting multipath components.
2.3.4 Measurements of the wideband indoor channel
The empirical basis for some channel models has been briefly described above, but a very large 
body of data has been accumulated on the characteristics of the indoor channel in the past 
decade or so. One characteristic of these data sets is that they show a large spread, even for 
buildings of apparently similar type. It seems that much of this spread may be attributed to (i) 
problems in environmental classification and (ii) differences in the characteristics of the 
measurements.
It has been noted, above, that parameters such as the clipping level or window applied to 
measured PDFs can have a very significant impact on the reported channel statistics, and such 
detail is seldom reported. One exception is in [Hashemi, 1993b] in which 12,000 PDP gathered 
in two buildings are analysed at three different clipping levels. The results, which also give 
dependence on the path length, are summarised in Figure 2-14.
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Figure 2-14: The dependence of delay spread on path length and clipping level 
(measured within an office building, left and tower block, right). Data from
[Hashemi, 93b]
A selection of measured delay spread values for paths lying within a single room (and 
predominantly LOS) are summarised in Table 2-4, below, while Table 2-5 provides a similar 
summary for measurements made throughout a given building.
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Table 2-4: Delay spread values measured within individual rooms
Ref Freq
(GHz)
Method
(sounder, bandwidth, 
resolution, antenna)
Room size 
(metres)
Room /  building 
type
Delay spread (ns) 
median (worst)
[Lukama, 03] 2.4 VNA, 200MHz,~5ns, ? 1 5 x 6 laboratory 6.5 (13)
[Cuinas, 01] 5.8 VNA, 160 MHz, 6.25ns, 
horns
11 x 8 Laboratory 7.1 (9.5)
[Hafezi, 97] 5.8 SC, 200 MHz, 10ns, 
omni
3 x 2 cubicle in open 
plan office
22 (40)
5 x 5 metal walled room 35 (41)
1 0 x 7 Room in stone 
stone / brick 
building
12 (17)
2 1 x 6 Room in stone 
stone /  brick 
building
12 (29)
? Modem house 11(12)
[Bultitude, 93] 0.95 VNA, 80 MHz, 25ns, 
omni
3 3 x 1 5 Concrete building -28  (48)
3 8 x 2 3 Concrete building -1 9  (28) furnished 
-3 2  (43) empty
[Hansen, 03] 5.25 PN, 200 MHz, 10ns,omni 3.6x15.5 Corridor 10.3
[Hinostroza, 
2002]
2.35 Chirp, 300 MHz, 3.8ns, 612m2 Factoiy 41 (53)
900m2 Gymnasium 31 (60)
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Table 2-5: Delay spread values measured within buildings
Ref Freq
(GHz)
Method
(sounder, bandwidth, 
resolution, antenna)
Room size 
(metres)
Building type Delay spread (ns) 
median (worst)
[Devasirvatham,
87]
0.85 SC, 80 MHz, 25ns, 
dipoles.
(315x118) Very large 
laboratory building
100 (250)
(118x48) Large laboratory 
building
60(218)
[Hashemi 93b]
Gives range and 
clip level 
dependence
1.1 VNA, 5ns, 
omnidirectional
Various locations 
on same floor
3 storey office 14.3-30.9
Various locations 
on same floor
Tower block 17.5-26.6 (28-42)
[Saleh, 87] 1.5 Pulse, >200 MHz, ~10ns 
omnidirectional
115x14
one part of  
smaller building 
measured in 
[Devasirvatham, 
87]]
large laboratory 
building
25 (50)
[Hinostroza, 
2002]
2.35 Chirp, 300 MHz, 3.8ns, ? Between floors o f 
tower block
80(145)
? Same floor 45 (155)
Given the importance of the wideband channel characteristics, it has become important for 
standards organisations to specify representative and extreme channels in which terminals must 
offer a stated performance. Examples from [ITU-R 1225] are given in Figure 2-15 and Figure
2-16, which specify the tap powers for test environments for the UMTS system (note that, 
though points have been connected for clarity in these figures, the channels are specified by the 
discrete tap powers). For the indoor case in Figure 2-15, a flat Doppler spectrum is assumed for 
the taps, while for the outdoor-indoor case of Figure 2-16, the Doppler spectrum follows the 
‘classic’ model.
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Figure 2-15: Indoor channels for UMTS at 2 GHz
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Figure 2-16: Outdoor to indoor channels for UMTS at 2 GHz
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Chapter 3: Measurement systems
This chapter is concerned with the measurement system used in this work, and describes the 
development by the author of a compact, cheap and versatile sounder operating at 2.4 GHz 
with a lOnS resolution. This sounder has since been used in support of a number of other 
measurement campaigns. Though justified on the grounds of simplicity and cost, this sounder 
has a number of limitations, and some discussion is included of design improvements that have 
since been implemented in other equipment.
3.1 Portable 2.4 GHz channel sounder
No suitable existing channel sounder was available within the University for use in gathering 
data on the characteristics of the indoor power delay profile. It was, therefore, necessary to 
develop suitable equipment in the course of the work reported here.
The requirement for data relating to the characteristics of relatively small enclosures implied 
that an instrument with a fairly high resolution would be required. On the other hand, the range 
requirements were modest, minimising the necessary output power.
The following specification was determined:
• Delay resolution: 3m
• Dynamic range: 40 dB
• Maximum path length, assuming 30dB diffraction loss: 30m
One popular option for indoor channel sounding makes use of a vector network analyser 
(VNA) to measure the complex response of the channel at a large (typically 801) number of 
evenly spaced frequencies. The resulting discrete complex frequency response may then be 
used to derive the PDP, by performing an inverse FFT, and taking the square of the resulting 
impulse response. As the measurement in the frequency domain is taken over a finite band, the 
derived impulse response will be convolved with a corresponding temporal window, and the 
side lobes from this will limit the dynamic range of the measurement. This approach was 
rejected as it would limit the flexibility of measurement due to the requirement for a wired 
connection between the two probe antennas.
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3.1.1 Design approach
The eventual design made use of a probing signal comprising a carrier spread over a large 
bandwidth by mixing it with a pseudo-noise (PN) sequence.
Alternative sounding signals, such as the use of a frequency-swept ‘chirp’ sequence, were also 
considered; the use of PN techniques offers the greatest flexibility and simplicity of 
implementation.
The pseudo-noise sequence, m(t), is so called because its autocorrelation function, given by 
1 T
R-mm (T) = ~  f m(0 ■ m(t -  r)dt and sketched in Figure 3-1, is similar to that of band-limited
T  0
noise.
1
0
Figure 3-1: Autocorrelation function of PN sequence
The sequence used in the measuring system described here is a ‘maximal length’, or im -‘ 
sequence, generated by a shift register with recursive taps. A shift register of n stages will 
generate a sequence of length 2n-l.
Providing the spatial resolution required for the characterisation of the indoor channel requires 
a high bandwidth for the probing signal. The minimum useful resolution for this purpose is in 
the region of 3m, implying a chip rate of 100 Mb/s (chip duration = O.Olps).
The length chosen for the PN sequence will determine two further parameters of the 
measurements: (i) the maximum, unambiguous, range measurement and (ii) the dynamic range 
of the observable. The maximum (unambiguous) delay range implied by a 511-bit sequence is 
more than adequate, at 1.5km.
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The maximum dynamic range available will be limited fundamentally by the amplitude of the 
sequence correlation peak. For an m-sequence, this will be given simply by 20 log (m) where m 
is the sequence length. A sequence of 511 bits will, therefore, give a maximum theoretical 
dynamic range of 54 dB, though as discussed below, this will be degraded in practical 
implementations.
3.1.2 Measurement technique
Having established a format for the sounding signal, an appropriate technique for the recovery 
of the channel multipath information must be selected. The receiver must perform a correlation 
of the received signal with a ‘clean’ local copy of the original sounding sequence.
This correlation may be carried out in either the time or frequency domain, and in either 
hardware or software form. In the early stages of the design it was hoped that a software 
approach might be possible, in which the received signal would be digitised at an early stage, 
and all further processing be carried out in software. This approach would have the merit of 
requiring little in the way of hardware, and would potentially allow great flexibility. The 
processor power required would not necessarily be great, as the correlation might be carried 
out off-line.
The major difficulty with this approach is that a high speed analogue to digital converter 
(ADC) would be required. A speed in excess of 200 M samples/second woiuld be required 
adequately to sample the sounding signal proposed, for example.
While such ADCs are available, it proved impossible to find a suitable device that fell within 
the available equipment budget. The possibility was considered of hiring a high-speed 
sampling digital oscilloscope, but, again, the cost was high, and the use of hired equipment 
would restrict flexibility in carrying out the measurements.
A hardware solution based on the well-established method of the ‘sliding correlator’ was 
therefore adopted. In this technique, the local PN sequence is clocked at a slightly different rate 
to that transmitted. This causes the two sequences to drift past each other, with the output of 
the correlator representing the multipath profile of the channel, dilated in time by a factor, k, 
given by the ratio of the slip rate to the chip frequency. A particular advantage of this 
configuration is that the required IF bandwidth of the receiver is reduced to twice the slip rate, 
greatly simplifying the design, and increasing the processing gain of the system.
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As noted above, the dynamic range implied by the ACF of the sequence will degraded by 
practical implementation effects. Many references, e.g. [Parsons, 2000], imply that the only 
degradation to dynamic range is due to system noise, but in practice the sliding correlator 
technique introduces an unavoidable distortion due to the fact that the sequences being 
correlated are clocked at different rates. As the difference in rates (the dilation factor, k) is 
increased, so the dynamic range of the system is degraded. This effect has been simulated in 
software in [Martin, 2000], and the results for a 511-bit sequence are reproduced in Figure 3-2. 
While seldom discussed, the impact of this limitation is evident in all published results 
obtained using the sliding correlator technique -  for example, in [Devasirvatham, 1986] 
measurements made with a sequence of 1023 bits exhibit a dynamic range of only some 40dB, 
rather than the ACF maximum of 60dB.
T3 40
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Figure 3-2: Relationship between dilation factor, k and dynamic range in a sliding 
correlator using a 511-bit PN sequence (after [Martin, 00]).
There is, therefore, a trade-off to be made between required dynamic range and the slip-rate, 
and hence the required IF bandwidth. In the eventual design, the slip rate is 16.3 kHz (dilation 
factor 6,250), with an IF bandwidth set at 33 kHz by a crystal ladder filter. Taking the effects 
of correlator distortion into account, this implies a maximum dynamic range of some 45dB.
In the classic ‘sliding correlator’ approach, as with most other sounding techniques, high 
stability clocks are used at transmitter and receiver, ensuring phase coherence during the 
measurements, and allowing Doppler channel characteristics information to retrieved.
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For most of the applications likely to be used indoors, it is less important to recover Doppler 
information from the complex channel. Consequently, the usual rubidium, or other, frequency 
standards can be dispensed with, keeping hardware costs within the available budget.
3.1.3 System param eters
The frequency selected for the measurements was largely determined by the need to obtain a 
test and development licence from the Radiocommunications Agency (RA, now OFCOM). 
Despite the relatively low power involved, the required bandwidth of 200 MHz imposed a 
significant constraint on the choice of frequency band. Discussions with RA staff resulted in 
the selection of a centre frequency of 2400 MHz for the sounder.
The choice of PN bit rate and sequence length has been discussed, above. The remaining 
parameter to be chosen is the scaling factor (i.e. the ratio of the sounding bandwidth to the slip- 
rate).
This might appear to be an arbitrary choice. However, to ensure maximum signal-to-noise ratio 
it is necessary to ensure that the integration period of the correlator corresponds to an integer 
number of PN sequences -  if this is not the case, the correlation will only be carried out over 
part of the PN sequence. Thus the bandwidth of the integrating filter should be {n-TPN)~l ,
where Tpn is the PN sequence time (i.e. 511/100 MHz = 5.1 IpS). The filter must, also, have a 
bandwidth of at least twice the slip rate, but be as narrow as possible to exclude noise. For n=l, 
a filter bandwidth of 196 kHz is implied, giving a slip rate of 98 kHz.
This would result in a scaling factor o f -1000. As noted in [Cox, 1974] and [Martin, 2000], the 
use of such low slip rates results in considerable distortion of the correlator output. A higher 
value of n has therefore been selected; n=6 gives a slip rate of 16 kHz.
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Table 3-1: Sounding system parameters
Carrier frequency 2400 MHz
Chip rate 100 Mb/s
Sequence length 511 bits
dynamic range (max) 54 dB
Slip rate 16 kHz
IF Filter BW 33 kHz
Scaling factor 6,250
IF frequency 45 MHz
3.2 Detailed design
Block diagrams of the transmitter and receiver are shown in Figure 3-3 and Figure 3-5 below.
2.400 GHz  
synthesiser
1 W  ^  
amplifier
100.00 MHz 
synthesiser
PN sequence 
Generator
Figure 3-3: Transmitter
The transmitter is very simple, using a double balanced mixer (DBM) to BPSK modulate the 
2.4 GHz carrier with the 511-bit PN sequence. The output of the DBM is amplified to a 
maximum value of 28 dBm. Low-pass filtering is applied to the output of the PN-generator, to 
limit out-of-band emissions. The transmitted spectrum (without the LPF) is shown in Figure
3-4, illustrating the extensive sidebands generated.
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Figure 3-4: Spectrum of (unfiltered) sounding signal
In the receiver, a bandpass filter at 2.4 GHz reduces the potential for interference from out-of- 
band emissions. Following a low noise amplifier (LNA) the received signal is mixed with a 
replica of the transmitted PN sequence at the local oscillator frequency. This replica sequence 
is clocked at a slightly faster rate than the transmitted sequence.
Demodulator
PN sequence 
Generator synthesiser
100.02 MHz 
synthesiser
Figure 3-5: Sliding correlator receiver used in measurement campaign
Following decorrelation, the received signal collapses to a carrier at the IF frequency 
(45 MHz), modulated by the time-dilated power delay profile of the channel. This is 
demodulated and conditioned in a logarithmic amplifier before being passed to a laptop PC 
fitted with a simple analogue to digital converter (ADC) card.
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3.2.1 PN sequence generators
The most specialised modules required in the experimental equipment were the pair of pseudo­
noise sequence generators. These were based on the use of 9-bit shift-registers.
These modules were required to generate a 511 -bit maximal-length sequence at a chip rate of 
100 MHz. It was initially hoped to make use of ‘FAST’ family TTL logic gates, as these 
operate at frequencies in excess of 100 MHz. It was, however, soon determined that the 
propagation delay in the TTL gates was too great to allow the correct operation of the sequence 
generator.
A prototype using Emitter Coupled Logic (ECL) was then constructed, and found to perform 
well. As the author was previously unfamiliar with this technology, some delay was incurred in 
this development.
The outputs of the two generators (transmitter and receiver) are shown in Figure 3-6, below. 
The sequences were being clocked at slightly differing rates, as required by the ‘sliding 
correlator’ technique, and have been captured at a moment when the upper sequence is some 
3 bits in advance of the lower.
Figure 3-6: 100 MHz PN seq u en ce  generator w aveform s
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3.2.2 Frequency sources
Two frequency sources are required in each terminal; one for the carrier generator or local 
oscillator, operating at around 2.4 GHz, the other running at around 100 MHz to drive the PN 
sequence generator.
To minimise costs, the 2.4 GHz local oscillator was based on a commercial module intended 
for use as a 2.4 GHz video sender. The oscillator in this module is synthesised, and controlled 
via an external microcontroller. Modifications required included the disabling of the audio sub­
carrier oscillators, and the reduction of module output power to 7dBm to drive the double 
balanced mixers.
The 100 MHz oscillators were purpose-built, based around a Minicircuits VCO and a Motorola 
programmable divider and a prescaler using ‘FAST’ family TTL logic.
3.2.3 Integrating filter and logarithmic amplifier
The most critical part of the design is the sharply selective filter required to integrate the 
received and local sequences, and the logarithmic amplifier.
Initial tests of the equipment made use of an IF operating at 6 MHz, using a ceramic filter that 
was to hand. This filter has a bandwidth of 180 kHz, and a poor shape factor. As expected, the 
performance of the correlator was poor (upper trace in Figure 3-7), with the noise floor 
appearing at around -20 dB. When the ceramic filter was replaced with a 4-pole crystal filter 
(bandwidth 30 kHz) the performance improved dramatically (lower trace, Figure 3-7).
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Figure 3-7: Correlator output with 180kHz (upper trace) and 30kHz (lower trace)
40
Measurement systems
In Figure 3-7, the sounding transmitter is connected to the correlating receiver by way of a 
delay line. This delay line consists of a 10m length of coaxial cable, and the deliberate mis- 
termination of the cable ensures that multiple reflections are evident for test purposes.
In the graph, the x-axis scaling refers to the time-dilated output of the correlator, rather than the 
actual multipath delay. For the test shown above, the scaling factor used was 10,000, so the 
first reflection (at 0.5 mS) corresponds to a delay of around 50 nS, a reasonable value for 10m 
of cable when the velocity factor is accounted for.
The logarithmic amplifier was implemented using the AD8306 integrated circuit from Analog 
Devices, which has a dynamic range of some 90dB.
3.2.4 ADC and data logging
A commercial4 analogue-to-digital converter (ADC) was used to capture the output o f the 
logarithmic amplifier. Software was written to interface with this device, which initiated the 
capture of a set of PDFs on the receipt of an external trigger pulse. This trigger pulse was 
generally provided from the robot vehicle used to conduct measurements, though the software 
could also be configured to log data continuously.
Figure 3-8: A seq u en ce  of power delay profiles captured during a single m easurem ent
4 Picoscope A DC-212
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Figure 3-8 illustrates a typical sequence of PDF’s, clearly showing the variation over time of 
the power in the principal tap. The delay axis is from 0-250 ns, while the power axis is in dBm.
The sounder was calibrated to relate the aggregate power in the PDF to the total input power. 
The calibration curve is reproduced in Figure 3-9, from which it can be seen that the law
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Figure 3-9: Calibration curve for correlating receiver
is accurate to within +/-ldB over a range of ~40dB. In use, measurement runs were repeated at 
a number of receiver attenuator settings to ensure that the received signal fell within the linear 
range of the correlator throughout the measurement.
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Figure 3-10: The com pleted correlating receiver
The completed correlating receiver is pictured in Figure 3-10.
3.3 Further development o f sounder
As has been discussed above, the sliding correlator architecture suffers from the inherent 
disadvantage that it introduces distortion into the recovered ACF. This distortion can be 
avoided, while retaining the PN sounding signal by adopting other methods of extracting the 
ACF.
If synchronisation (in real time or off-line) can be achieved between the received and reference 
code sequences, a ‘stepped-delay’ correlator may be used, in which the bit-periodic structure 
sequences are aligned, and stepped past each other in single bit increments, to explore all 
possible offsets.
An equivalent, but more efficient, operation may be carried out in the frequency domain, by the 
use of the Wiener-Kinchin relationship. This relates the ACF, rxx(T), of a signal to the power 
spectral density (PSD) Pxx(co) of that signal:
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In a practical channel sounding receiver, the I and Q demodulator outputs are captured by an 
appropriate ADC, and the complex spectrum extracted using a fast Fourier transform (FFT). 
This spectrum is then multiplied by the complex conjugate of the spectrum of the original PN 
sequence, to give the power spectral density,
O )  = G(jg >) • G* (Jco) (3-2)
to which the Wiener-Kinchin relationship may be applied, to recover the ACF, revealing the 
input delay spread of the channel.
Following the campaign described in this thesis, a sounder has been constructed on these 
principles, which offers a significantly improved performance, particularly in terms of the 
dynamic range available. The use of rubidium frequency standards to ensure phase stability in 
the course of measurements, and the recovery of complex channel data allow all the Bello 
functions (see Chapter 2) to be recovered.
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Chapter 4: Measurements and results
4.1 Introduction
The channel sounder described in the previous chapter has been used to gather experimental 
data in support of the new model. The measurements sought to characterise the channel 
response in a number of representative rooms, and to investigate the impact of clutter (i.e. 
furniture) on the channel.
The number of measurements made was limited by the effort involved in removing and 
replacing the furniture in the rooms chosen for measurement.
4.2 Measurement locations
Measurements were made in four rooms and, in each, data were gathered both with, and 
without, furniture present. In three of the cases, the transmitter and receiver were in the same 
room, and paths were nominally line of sight (LOS).
4.2.1 Series 1: university meeting room (‘CCSR’)
The first room measured was a small conference room at the CCSR. This room was 
temporarily out of use, and the opportunity was taken to carry out a simple set of initial 
measurements. While the method used, dictated by short timescales, was not ideal, the 
opportunity was used as a pilot trial, to ensure that the channel sounder produced reliable and 
repeatable results. The measurements were made in May 2004.
The sounder transmitter was carried around the measurement room at shoulder height by one 
experimenter. The sliding correlator receiver was at desktop height, at one of four locations 
within the room. Channel power delay profiles from the receiver were logged by a laptop 
computer at a rate of around 3 samples/second, corresponding to a mean inter-sample distance 
along the 19m route of 10cm. Omnidirectional antennas were used at both terminals.
The layout of the room, with receive locations and approximate transmitter route, is shown in 
Figure 4-1. The room dimensions were 8.2m x 5.9m 3.0m.
45
Measurements and results
DEE
Figure 4-1: Plan of ‘CCSR’ room showing clutter, receive locations and approximate
transmitter route
This method has two major drawbacks: Firstly, there is no fixed relationship between sampling 
and position within the room. The spatial sampling rate will depend on the walking speed of 
the experimenter. The effect of this can be seen in the results from two sets of measurements 
(receiver at position ‘ABC’, upper trace offset for clarity), both following the same route 
(Figure 4-2).
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Figure 4-2: Received power for two similar CCSR' measurement runs, showing the 
variation in spatial sampling rate (upper trace offset by 10dB)
The second drawback is the need for the transmitter to be carried by an experimenter, which 
will give rise to additional, variable clutter losses. While it might be expected that these effects 
would be statistically stationary over a large number of trials, they will introduce additional 
uncertainty.
In view of the overall variability of the indoor channel, and the (probably) small effect on 
overall statistics that is being sought, it was necessary to increase statistical confidence levels.
This was done (i) by eliminating uncertainties relating to positioning and obstruction of the 
transmitter by the experimenter, and (ii) by increasing the number of rooms sampled.
To overcome the need for the transmitter to be carried around the test site, a robot platform was 
used. This device is capable of following a preset route without manual intervention.
The unit, designed some years ago [Aragon, 1999] will follow a white tape laid on the floor in 
a repeatable fashion. The robot also transmits a regular trigger pulse, at intervals of -8cm, to 
initiate the taking of a sample from the correlator. This arrangement was used in the remainder 
of the measurements.
4.2.2 Series 2: conference room (‘SSC’)
The second series of measurements was conducted in April 2005, in a larger conference room, 
located in the Surrey Space Centre (SSC) building at the University of Surrey.
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Figure 4-3: Showing robot, in SSC room (with clutter), heading to receiver
The layout of the room, with receive location and approximate transmitter route, is shown in 
Figure 4-4. The room dimensions were approximately 12m x 7m x 2.8m.
1__ i
Figure 4-4: Plan of room showing clutter, receive locations and approxim ate
m easurem ent route
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The route laid for the robot to follow was 8.35m long, with samples taken at ~8 cm intervals.
4.2.3 Series 3: residential property (‘Lewes’)
The opportunity was taken to make a series of measurements in a detached family house, 
before and after it was furnished. The house, in the town of Lewes, in East Sussex, is of 
traditional brick construction.
Measurements were made with the transmitter in the downstairs living room. The receiver was 
mounted on the robot which followed tracks in the living room (with nominally LOS 
geometry) and in an upstairs room (NLOS).
Figure 4-5: View of living room and upstairs room
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Figure 4-6: View of cluttered living room and upsta irs room
Details of all three measurement series are given in Table 4-1.
Table 4-1: C haracteristics of m easured room s
Site L
(m)
W
(m)
D
(m)
Construction
(exterior)
Construction
(Interior)
Floor Path Furniture (when 
present)
CCSR 5.9 3.0 Brick, steel, 
concrete
Plasterboard concrete z o s Tables & office chairs 
(all tubular steel)
SSC 720 7.0 2 # Brick, steel 
concrete
Plasterboard concrete LOS Tables & office chairs 
(all tubular steel)
Lewes
(LR)
3.5 2 P Brick Brick Cement LOS Soft furnishing, wood 
bookcase & table, TV.
Lewes
(UP)
6.2 4.1 2  7 Brick Brick Wood Bed, wooden wardrobe
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4.3 Measurement method
During each measurement, a series of power delay profiles were logged from the correlating 
receiver. In the CCSR measurements, profiles were sampled at regular time intervals giving 
mean (though very variable) inter-sample distance of ~10cm. In the other measurements, 
sampling was initiated by pulses from the robot sounder at an interval of 8cm. At the 
measurement frequency of 2.4 GHz, these correspond to intervals of 0.6-0.8X.
At each sample interval, the logger recorded the output of the correlator for a period of time 
sufficient to capture four compressed impulse responses (see Figure 4-7).
ADC Samples (at 25 k  samples/s)
Figure 4-7: Dilated impulse responses captured at single sample point
Each series of power delay profiles was stored in an XML data format, intended to simplify 
archiving and post processing. The data were analysed using a MathCad worksheet, which 
implemented the following functions.
• The precise value of the sliding correlator compression factor is determined for every 
measurement, by comparing the interval between the peaks in the received (dilated) 
autocorrelation function (Figure 4-7) with the known transmitted chip rate. This allows 
any drift between transmitter and receiver to be compensated for, and for the recovered 
PDF accurately to be calibrated in terms of delay.
• The received power levels are calibrated according to the previously determined law, 
taking the receiver attenuator setting into account.
• For each PDF in a sequence of measurements, the RMS delay spread is determined and 
written to a data file.
• Each PDF is integrated to recover the total received power (dBm) for that sample.
• All PDF in the recorded sequence were averaged to give the bulk decay characteristic 
for the entire room.
51
M easurements and results
• The statistics of fading at a given delay time, for the entire sequence of captured PDF 
are extracted.
A typical sequence of power delay profiles is shown in Figure 4-8, in which the Z-axis is in 
dBm.
Figure 4-8: Typical sequence of wideband PDFs
4.4 Measurement results
4.4.1 Total channel power
The correlating receiver was calibrated in terms of absolute power prior to the measurements, 
as described in Chapter 3, allowing absolute measurement of total received power in the 
channel.
The received power was compared with the predicted level, under the assumption of free-space 
propagation (path loss exponent = 2.0). In the majority of cases examined, the path loss was
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found to decay at significantly less than the free-space value. Examples are given in Figure 4-9 
and Figure 4-10, below.
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Figure 4-9: Example of path loss decay at less than free-space rate (‘SSC room')
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Figure 4-10: Example of path loss decay at less than free-space rate (‘SSC room’)
This characteristic has often (see chapter 2) been reported, particularly in connection with 
spaces such as corridors, where a form of wave-guiding may take place. What is observed here 
has also been referred to as ‘room gain’, and is identified in [OFCOM, 2007] as a significant 
factor to be taken into account when estimating levels of interference between systems.
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In addition to the wideband measurements, and for the CCSR tests only, statistics were 
recorded of the power received along the same routes using a CW source (the same channel 
sounding transmitter with the modulation switched off).
For these measurements, the receiver was a spectrum analyser, triggered by the laptop 
computer at a rate of 4 samples/second. The standard deviation of the received power was 
recorded for both wideband and CW results.
4.4.2 RMS delay spread
As noted in Chapter 2, the correct selection of clipping level for recovered PDFs is important 
in processing the measured data. This is illustrated in Figure 4-11, below, which shows three 
time-series of measured RMS delay spread for measurements in the ‘SSC’ room.
 15dB
—  -20dB 
- - -2 5 d B  
 30dB
25
400 10 20 30 50 7060 80 10090
Sample index
Figure 4-11: Impact of clipping level (dB) on RMS delay spread
It can be seen that decreasing the clipping threshold -lOdB gives a small increase in the RMS 
delay spread, until the noise floor of the correlator is approached at around -30dB. At this point 
spurious responses and noise lead to large random increases in the apparent delay spread. For 
all the rooms measured, robust results were obtained with the clipping level set to -20dB.
Table 4-2 summarises the measured values of delay spread for all rooms, averaged over 
individual runs.
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Table 4-2: Averaged values of measured RMS delay spread
Location Route/ measurement RMS delay spread at -20dB clipping level
Furnished Empty
CCSR ABC 14.4 13.2
18.8 12.8
13.0
DE 14.1 13.6
12.9
13.8
F 15.4 13.4
G 14.5 12.4
(room average) 14.6 13.1
SSC Central route 26.5 25.0
21.7 24.5
25.5 21.9
22.7
24.0
diagonal - 24.4
(room average) 24.1 24.0
Lewes Living room 9.4 9.0
9.9 9.6
9.4 11.7
9.5 12.6
- 11.0
(room average) 9.6 10.8
Upstairs 13.4 15.8
13.2
(room average) 15.8
Hashemi [1993b] analysed measurements of RMS delay spread made throughout a building, 
and grouped by pathlength; the delay spread at a given separation was found to be normally 
distributed. The present study has examined too few paths to make such global comparisons.
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The distribution of delay spread measured throughout a room, however, displayed a markedly 
skewed distribution, as exemplified in Figure 4-12 below.
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Figure 4-12: Distribution of rm s delay sp read  m easured within one room
Figure 4-13 illustrates the relationship between delay spread and received power, for a typical 
selection of measurements (two cluttered, two uncluttered) in the ‘SSC’ room.
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Figure 4-13: D ependence of delay sp read  on received power (‘SSC ’)
It should be noted that, with the exception of the ‘Lewes, upstairs’ measurements, all paths 
were nominally LOS. In the measurements where a the delay spread is high, due to a low 
received power, the low received power is therefore not, generally, due to selective attenuation 
of the direct path by intervening obstacles, but simply due to spreading loss. Where
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reverberant energy is significant, this will therefore lead to differential increase in the multipath 
with respect to the direct component, and a consequent increase in delay spread.
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Figure 4-14: Relationship between received power and RMS delay spread
Figure 4-14 combines the information in Figure 4-10 and Figure 4-13 to illustrate the very 
close relationship between total received power and delay spread. The upper trace represents 
delay spread, scaled as the right-hand Y-axis. The same data have been inverted and scaled to 
match the received power trace. It would be possible to determine a representative transfer 
function for any room based on the room geometry and averaged reflectivity, which would 
allow a conversion from received power to delay spread. This is, effectively, achieved by the 
model described in Chapter 1.
One of the aims of the measurement campaign had been to investigate the impact of clutter (i.e. 
furniture) on wideband channel characteristics. It was initially thought that the presence of 
furniture would tend to absorb longer-delay multipath from far walls, thus reducing delay 
spread. It can be seen, however, from Table 4-2, that no clear trend is apparent; delay spread is 
reduced by furniture in the ‘Lewes’ cases, while it is increased for the ‘CCSR’ measurement 
and there is no significant difference in the ‘SSC’ case.
It is possible that the characteristics of the furnishings are significant, as the ‘Lewes’ rooms 
contained furnishing that was absorbent, rather than reflective, while the ‘CCSR’ room 
contained many metal chairs and tables. This was, however, also the case for the ‘SSC’ room.
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Little data on the impact of clutter is available in the literature, the exceptions (noted in 
Chapter 2), being a significant decrease in delay spread when a large room was furnished 
[Bultitude, 1992], and a decrease in path loss exponent with furniture [COST 231].
Overall, it seems impossible to state, on the strength of the current evidence, that the presence 
of clutter has any overall statistical impact on the value of channel delay spread. Further 
measurement, paying attention to the electrical characteristics of the furniture itself, may 
clarify this issue, particularly if high-resolution (UWB) measurements are available.
4.4.3 Average PDF
The model to be described in Chapter 5 aims to predict the bulk, rather than location-specific 
behaviour of the radio channel within a room. Therefore, for each of the rooms measured, the 
individual measured delay profiles as measured along the fixed route followed by the robot, 
were combined to give an average PDF representative of the room as a whole. These are 
reproduced in Figures 4-15 to 4-19.
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Figure 4-15: Average POP in CCSR' room
58
re
lat
ive
 
po
we
r 
(d
B)
 
re
lat
ive
 
po
we
r 
(d
B)
Measurements and results
cluttered
uncluttered-10 -
-20 -
-30 -
-40 -
-50
-20 0 20 40 60 80 100 120 140 160
delay (ns)
Figure 4-16: Average PDF in ‘SSC’ room
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Figure 4-17: Average POP in living room
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Figure 4-18: Average PDF in upstairs room
The profiles captured in the largest (‘SSR’) and smallest (‘Lewes living room’) cases provide 
contrasting examples of impulse response, compared in Figure 4-19, below.
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Figure 4-19: Comparison of average PDF from large and small rooms
60
M easurements and results
4.4.4 Fading statistics
Each ensemble of PDFs were analysed to extract fading data for components falling in two sets 
of delay bins, as sketched in Figure 4-20. The first set of data was extracted from the two bins 
+/- 5ns from the direct path, while the second set of data was taken from bins at 35-80ns delay.
Direct path fading Ê
\
%
Scattered/reflected
p ath tad h g
Figure 4-20: Extraction of fading data from power delay profile
The statistical characteristics of multipath tap fading have been measured by many workers, 
and the topic is discussed in Chapter 2. For traditional radio systems5, there is some debate as 
to whether such fading is more correctly represented by the Rayleigh or lognormal distribution 
(or by some other candidate, such as the Suzuki mixture distribution). [Saleh, 87] proposed the 
Rayleigh distribution for use in the double-slope model, but other workers, e.g. 
[Hashemi, 193B], have found that this gives a poor match to other data sets.
It was expected, in analysing the current data, that a lognormal distribution might be found to 
be a reasonable fit for the zero-delay bin statistics, as the energy will be received via a single 
path that may be subject to multiplicative shadow fading. More delayed bins, however, were 
expected to show Rayleigh statistics from multiple scattered and reflected contributions falling 
within a single resolution bin, with no dominant component.
5 For UW B systems, w here all com ponents are resolved, the lognorm al distribution is agreed to be appropriate.
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The PDF of received bin power is compared with theoretical distributions in Figure 4-21, 
below.
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Figure 4-21: Direct path energy (SSC, run 5)
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Figure 4-22: Multipath energy (SSC, run 5)
The plots given above suggest that the later received power might have a more ‘Rayleigh-like’ 
distribution than the direct path contribution. The presentation of statistical distribution in this 
form is, however, potentially misleading, as insufficient weight is given to the distribution 
‘tails’ where the distinction between candidates is best made. The alternative presentation in 
Figure 4-23 and Figure 4-24, below allows a better judgment to be made.
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Figure 4-23: Direct & multipath power distribution (LOS, uncluttered)
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Figure 4-24: Direct & multipath power distribution (LOS, cluttered)
All measurement made have been examined, and it has been found that the lognormal 
distribution invariably gives a significantly better fit to the distribution of received power 
regardless of delay bin. Even where Rayleigh characteristics might have been expected, on the 
downstairs-upstairs, NLOS path measured at Lewes, the lognormal distribution offered a better 
fit (Figure 4-25).
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Figure 4-25: Direct & multipath power distribution (NLOS, cluttered)
Overall, the statistics of both direct and multipath component distributions fitted the lognormal 
distribution for all measurements made, using the Kolmogorov-Smimoff test at 90% 
confidence. The Rayleigh distribution gave a fit at the same confidence in only two cases, both 
relating to NLOS paths.
4.5 Conclusions
Three sets of measurements have been carried out, with intention of providing data against 
which to calibrate the performance of the model proposed in Chapter 1.
In all cases, measurements were made in rooms both before and after the furnishings were 
removed, but no simple relationship between room clutter and wideband channel statistics has 
been determined.
The data gathered in the measurements has been used to derive room-average power delay 
profile envelopes, for comparison with model predictions.
The fading statistics associated with power received (with a resolution of -5ns) at different 
delays was examined. In all cases, the lognormal distribution was found to provide a much 
closer fit to the data than the Rayleigh distribution proposed in [Saleh, 1987].
Reduction of the data to examine overall path loss has confirmed that ‘room gain’ is often 
present, with the path loss exponent having values <2.0.
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Chapter 5: A physical-statistical model for the indoor radio 
channel
Chapter 5 summarises the work undertaken to develop a model for the indoor radio channel. 
Initially, an approach based on that used over many years by the acoustic modelling 
community was adopted.
The theoretical and practical limitations of this original model are discussed, and the 
divergence of the model output from empirical results examined.
A simplified approach that has been found to yield good results is then introduced, and 
justified by empirical data.
5.1 Initial approach -  the 'acoustic analogy’
Methods such as ray-tracing offer the possibility of relatively exact propagation predictions; 
the drawback of these methods, however, is the associated requirement for very detailed 
characterisation of the building, and its contents.
Such models are useful largely as tools for exploring the general characteristics of indoor 
propagation, but the difficulty of obtaining the input data required makes it unlikely that they 
will ever be suitable for real-world coverage planning on a large scale.
It seems tempting to apply some of the accumulated body of knowledge on acoustics to the 
subject of radiowave propagation. Despite the obvious differences between a scalar field of 
longitudinal waves and a vector field of transverse waves there are some useful similarities, 
such as the wavelengths that are involved.
Table 5-1: Acoustic and EM properties compared
Quantity Sound EM
Wave velocity 343 m/s 300 x 106 m/s
Typical frequencies 1-10 kHz 1-60 GHz
Corresponding wavelengths 0.343m -  0.034 0.3 m -  0.05 m
Two important differences must be considered in attempting to apply acoustic models to the 
radio case. In the first place, most room acoustics are evaluated on the assumption that at any
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instant the sound energy will span many octaves. In the radio case, by contrast, we are usually 
concerned, even for ‘wideband’ signals with almost pure ‘tones’.
The other major difference is that, as far as radio waves are concerned, the majority of rooms 
are ‘dead’ -  that is to say, the reverberant field is weak and far from uniform.
5.1.1 Acoustic theory
While the detailed study of radiowave propagation within buildings is relatively recent, the 
formal consideration of acoustic behaviour has a much longer history, and has resulted in many 
useful models.
The field was largely initiated by the work, at Harvard, of Sabine in the early years of the 20th 
century.
5.1.2 The Sabine model
Sabine [1964] formulated, based on the law of energy conservation, an expression for the 
decay of energy (W) in a reverberant room, noting that the characteristic is exponential:
where IVo represents the energy at t=0, and x is the ‘characteristic decay time’ of the room. This 
characteristic time is given as:
sound (343 m/s) and a is a ‘room absorption coefficient’ (free space, an open window or door 
for example, has a  =1).
room -  this will clearly not be the case in practice.
5.1.2.1 Conservation of energy
All derivations of the Sabine equation start with the equation of rate of change of (energy 
density volume) with the difference between supplied (P) and dissipated (Pj) power.
W(t) = W0 exp (-t/r ) (5-1)
4FT =
vaS
(5-2)
where V and S are the volume and surface areas of the room respectively, v the velocity of
In the derivation below, it is assumed, for simplicity that a is uniform over all surfaces in the
(5-3)
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where w is energy density.
The assumption of spatial uniformity (a diffuse field) is then made, implying that (i) the 
distribution of angle of arrival of reflected waves is uniform, (ii) phases are random, so total 
energy at a point corresponds to the sum of the mean individual wave energies, (iii) the density 
of the sound energy is the same throughout the enclosure. We can therefore simplify (5-3):
^ - ■ V  = P - P d (5-4)
at
If all acoustic fields with the same energy are regarded as statistically-equivalent, then Pd 
depends only on w. As the wall boundary conditions are linear, the relationship should be one 
of direct proportionality (P</ and w both increase by a square law).
5.1.2.2 Constant of proportionality
The constant of proportionality may be deduced by considering the number of absorptions per 
unit time, which will be determined by lmfp, the ‘mean free path’ of a room. This quantity6 can 
be derived by statistical considerations as:
W
LfP = - r  <5-5)
The average number of reflections in unit time is therefo re-^ , and if the power absorbed on
each reflection is (w.V.a) where a is the mean room absorption, then the power absorbed in 
unit time will be:
wVavS
4V
w (5-6)
giving the constant of proportionality between dissipated power and energy density. This 
constant of proportionality can be viewed as a ‘room constant’, giving a measure of the degree 
to which the space supports reverberation, and has been suggested by [Nobles, 98] as a
6 The ‘mean free path’, can be thought o f as equivalent to the average distance between reflections for rays in a 
given room. The actual definition is given in [Pierce, 81]
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correction factor for radio coverage predictions that may be applied to account for the 
difference between the calculated Friis loss and measured losses within a room.
5.1.2.3 Solution for decay of reverberant energy
We can now re-write (5-4) as the differential equation:
dw vaS  _ V +  w = P
dt 4
(5-7)
Setting P to zero (we are interested in the decay of the sound energy):
dw vaS  _  
dt 4-K
(5-8)
integrating the DE gives:
\ - - d w =  + C
J w J V 4 -7  )
(5-9)
. _  v a - S
l°ëeW = , . .  -t + C
4 • r
(5-10)
And expressing in terms of the mean energy density
w = exp
v
v a - S
4- V
-t + C
y
(5-11)
i.e.: w (t)-w o e T when r  = 4V
v - a - S
(5-12, The “Sabine equation”)
where the quantity x is referred to as the 'characteristic decay time’ of the room, with units of 
seconds per half Neper (when amplitude falls by e"1 the associated energy falls by e'2).
A measure often used in acoustics is Teo, defined as the time taken for sound energy to decay 
by 60dB after the extinguishing of the source. Teo therefore corresponds to 13.82x. Simplifying 
the expressions above we can write:
0.161 F
6^0 Sa
(5-13)
and this expression was verified by Sabine in a series of experiments in the early 20th Century.
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5.1.3 The Eyring modification
As noted above, the Sabine equation assumes a reverberant room, that is to say, one in which 
the acoustic energy density is approximately uniform, due to energy reflected from the walls 
and other surfaces. It was noted that, when a space was appreciably absorptive, the Sabine 
formulation breaks down. This can be seen if free space is assumed (i.e. a= l), in which case 
the characteristic time, t , should fall to zero, but does not do so in the formulation of 5-12.
Eyring, in the 1930’s, developed an alternative formulation for x for such ‘dead’ rooms, in 
which he took account of the finite propagation time from source to absorption in the walls, by
assuming a discontinuous (stepwise) series of absorptions, occurring at intervals
v
corresponding to the mean free path of the room.
It is assumed that after the first reflection the energy arriving at the walls will be decreased by a 
factor (1-ot), and by (1-a)2 after the second. The overall mean energy density remaining at time
tn = — — will therefore be w(t) = wo(l — a ) N. If the decay formulation of 5-1 and 5-12 is 
v
used, this assumption gives a revised expression for the characteristic time of the room:
Imfp
-  v • ln(l -  a)T Eyring ~  , Z1 (5"14 )
where lmfP is the ‘mean free path’ of the room as in Equation 5-5.
It can be seen that for small values of a, the decay time is close to that given by the Sabine 
formulation, but as the room becomes increasingly dead, the Eyring formulation predicts a 
shorter delay time.
5.2 Application to radiowave propagation
Given the background outlined above, it seems attractive to apply some of the same techniques 
to the radio case. At least one proposal has been made that involves applying modelling 
techniques involving bulk room characteristics to radiowave propagation.
In [Holloway, 1999], a model is developed for the average power delay profile characteristics 
of a room, making similar assumptions of stepwise absorption of power as in the Eyring 
modification (5-15). This model makes two simplifying assumptions:
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(i) The power delay profile of the channel is modelled as the usual set of delay ‘bins’, each of 
duration 5t, the ‘representative time’ of the room, assumed to be the time for a set of rays to 
suffer a single reflection. This is related to the mean free path (lmfp) of the room by:
It is assumed, on the basis of Monte Carlo simulation of ray arrival statistics, that all rays 
suffering n reflections (i.e. mth order rays) will arrive in the bin centred at a delay
(ii) The set of rays arriving in a given bin, having suffered n reflections, will be attenuated by a 
factor i?n, where R is the average power reflection coefficient for the room, calculated by 
averaging over all angles of incidence and all surfaces. The reciprocal of this reflection 
coefficient is equivalent to the absorption coefficient, a, defined above.
The decay rate predicted by this model demonstrated a fair fit to the envelope of the PDF 
measured in two rooms at 1.5 GHz, but showed rather poor agreement with measurements 
made in the course of the present work. An example is given below, where the model is 
compared with the measurements made in the large ‘SSC’ room for two values of bulk 
reflection coefficient, R.
(%r = 2-&L = — (5-15)
c cS
(5-16)
Holloway (0.6) 
Holloway (0.31) 
Measured (SSC)
0
0 20 40 60 80 100 120 140 160
delay (us)
Figure 5-1: [Holloway, 1999] model compared with measurement data
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The value of bulk reflectivity calculated for this room using Monte Carlo methods (see below) 
is 0.31, and the use of this value significantly over estimates the PDF decay rate. The model 
can be matched to measurement by assuming a coefficient of 0.6, but it seems clear that this is 
an implausibly high value.
An attempt was therefore made to improve the accuracy of the model by a refinement of the 
approach used to account for the spread in arrival time of reflected power.
5.3 Revised approach
In [Holloway, 1999] the assumption is made that all power associated with a given number of 
reflections arrives in a single time delay ‘bin’. In practice, this will not be the case, and an 
improvement in the accuracy of the model might be expected if a more accurate account is 
taken of the distribution of arrival times.
Multipath arrival times are often characterised by a Poisson distribution, or a variant thereof 
such as the ‘A-K’ model [Turin, 1972]. For the initial revised model presented here, a simple 
Poisson distribution was assumed, with the mean arrival rate of first-order rays of a given 
length corresponding to the ratio of ray length to the mean free path (lmfp) of the room.
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Figure 5-2: Probability of multipath arrival (by order)
Figure 5-2 illustrates the assumed likelihood of energy arriving at a receiver at a given path 
length (and hence delay time) after suffering between 1 to 4 reflections.
In the proposed new model, the sum of multipath and direct power at the receiver, for a given 
excess delay, x, is given by:
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4 ( r )  = 0^ • (5-17)
where Po is the power received at 1m, Dx the path length (m) corresponding to a given excess 
delay, n represents reflection order, and Qnjiection describes the pdf of arrival probability. The 
value of Qreflection for 77=0 is unity at a delay time corresponding to the terminal separation. R is 
the bulk reflectivity of the room, as defined above.
The inputs required for the model are:
• Bulk room geometry (surface area, volume)
• Average room reflection coefficient (or complex permittivity of surfaces & frequency)
• Transmit-receive distance
The output of the model can be in the form of either a single value of overall received power, 
or a power delay profile, at a given location.
To apply (5-19), it is necessary to determine, from the input parameters, values for the mean 
free path of the room and an average reflection coefficient. The derivation of these values is 
now considered.
5.3.1 Determination of mean free path
The starting point of the model is to determine the ‘mean free path’ of the enclosure/room 
under consideration.
In acoustics, the mean free path (mfp) of an enclosure is often stated, without further 
qualification, as being given by (5-5) above. In some of the papers in which the concept has 
been applied to EM wave propagation this deceptively simple formulation has been applied 
without further examination.
A number of equivalent derivations for lmfp have been given [Kutruff, 1979], [Pierce, 1981], but 
all make the assumption that energy scattered from the walls follows a Lambertian law, i.e.
Ps(9) =— PiCos(0) (5-18)
n
where p is the reflection coefficient, Pi and Ps the incident and scattered powers respectively, 
and 0 the scattering angle).
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The expression in (5-5) gives the average value of mean free path for a large number of rays of 
all possible directions of propagation. It will only apply to a single ray if the reflection 
mechanism is diffuse -  i.e. the ray suffers random changes in direction due to random 
scattering. Only if this condition is met can we use lmfp in determining the decay time of 
acoustic energy.
For the radio case it is (generally) not the case that the time average mfp is equivalent to the 
ensemble average mfp, as reflections are not diffuse. A series of Monte-Carlo simulations have 
been undertaken, to explore the way in which these quantities vary with room geometry.
Three hypothetical rooms are modelled in this exercise, with the characteristics shown in 
Table 5-2 below.
Table 5-2: Room dimensions used in modelling
Ratio LxWxH
(metres)
Room A 1:10:10 20 x 20 x 2
Room B 1:10:1 2 x 2 0 x 2
Room C 1:1:1 4 x 4 x 4
Two forms of ray-tracing simulation have been undertaken. In the first (‘free’), rays are 
launched from a large number of arbitrary positions, in arbitrary directions. The progress of 
each ray is followed up to a given order of reflection, with the length of each segment 
recorded.
In the second type of simulation (‘constrained’), random positions are generated for both 
receiver and transmitter, and a standard ray-tracing procedure between the two is followed (a 
ray-launching algorithm is used). Again, all transmit-receive paths up to a given order are 
determined, and the statistics logged as before.
The results of these simulations are presented in Figure 5-3, Figure 5-4 and Figure 5-5. In each 
case, the results of a previously published [Kutruff, 1979] set of Monte-Carlo simulations for 
the diffusely-scattered acoustic case are indicated for comparison. In these acoustic 
simulations, a ray was launched in a specific direction, and path lengths recorded over a very
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large number of intersections. At each intersection with a surface, the reflection angle was 
taken randomly from a distribution corresponding to the Lambertian law (5-18).
 free  ray trace
1
1
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Figure 5-3: Room A (left: free algorithm, right: constrained algorithm)
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Figure 5-4: Room B (left: free algorithm, right: constrained algorithm)
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Figure 5-5: Room C (left: free algorithm, right: constrained algorithm)
It can be seen that in the cases of rooms ‘A’ and ‘B’ (which have extreme aspect ratios) the 
results obtained using the constrained algorithm are very different from the ‘random’ case (and
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from the acoustic case). This is not so for the case of the cubical room ‘C \ The difference is 
due to the fact that, in the ‘constrained’ case, the rays whose lengths have been recorded, will, 
statistically, be aligned more often with the longest axis of the rooms, reflecting the limitations 
on possible terminal positions.
The results of each algorithm were also used to derive values of mean free path for each room, 
and these are tabulated below, together with the calculated value from (5-5) above.
Table 5-3: Comparison of lmfp values
metres lmfp ‘random ’ ‘constrained’
Room A 3.333 4.074 7.268
Room B 1.905 2.026 4.417
Room C 2.667 2.548 2.219
Again, it can be seen that, for the rooms with extreme geometries, the calculated mean free 
path is significantly different from that obtained by the ‘constrained’ simulation.
It is, therefore, arguably the latter that should be applied in any simulation; however, there 
seems to be little point in performing a computationally-intensive simulation simply to obtain 
this parameter. Having undertaken a ray-trace simulation, it would clearly be ridiculous to 
discard the detailed results to perform a simpler and less accurate prediction! It would therefore 
be necessary to develop an analytical method for the estimation of mean free path in a scenario 
in which specular reflection is significant, and in which ray directions are not random, but 
constrained by terminal positions.
Other statistics have also been gathered from the MC simulations. A systematic increase in 
delay spread with transmitter-receiver separation is often reported. The ‘constrained’ 
simulation was configured to record the mean free path for each randomly-generated 
transmitter-receiver pair. The results are indicated in Figure 5-6 to Figure 5-8 below:
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Figure 5-6: mfp vs. terminal separation, room A
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Figure 5-7: mfp vs. terminal separation, room B
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Figure 5-8: mfp vs. terminal separation, room C
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The tendency for the mean free path to increase with terminal separation is clear except in the 
case of the symmetrical room ‘C \ For asymmetrical rooms, longer paths imply that the 
direction of transmission is increasingly aligned with the longest dimensions of the room. Any 
new analytic expression for lmfp would therefore need to take as a parameter, not only 
information on room geometry, but also the terminal separation.
5.4 Final approach
This revised model produced a slight increase in prediction accuracy, when compared with ray- 
trace simulations and with measurements. In exercising the model, however, a fundamental 
problem with the characterisation of enclosures in terms of mean free path became apparent. 
As has been noted, the lmfp is determined by the ratio of surface area to volume; the same lmf  
can therefore be associated with rooms with very different geometries.
For example, a corridor (of e.g. 20 x 2m x 2.5m) and an office (e.g. of 4m x 4m x 2.2m) will 
have the same Lf (2.10m), but will have very different channel responses. This is indicated in 
the plots (Figure 5-9 and Figure 5-10) of second-order ray path lengths for the two cases,
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
ray path (m)
Figure 5-9: 2nd order ray arrivals for ‘corridor’ case
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Figure 5-10: 2nd order ray arrivals for ‘office’ ca se
A further drawback of the original approach is that, by characterising arrival probabilities only 
in terms of the mean free path, the transmitter-receiver pathlength cannot be taken onto account
The new model, briefly described in [Rudd, 2006], does not attempt to fit a particular order 
arrival distribution to the data. Rather, the simplifying assumption is made that ray arrivals of a 
given order will arrive between a minimum and maximum delay time with uniform probability. 
The maximum and minimum times are specified in terms of simple parameters of the 
enclosure.
Based on simple geometrical constraints, confirmed by ray-trace simulations (such as those 
shown in Figure 5-9 and Figure 5-10), the algorithm for arrival probability is:
For ray order n, and a transmit-receive separation d, the earliest and latest ray arrivals will be:
If n=0:
Lmin Lmax d
Otherwise:
f  Min — (n-1 ).dmjn
Lmux —(n+l ).dmax
Where Lmm and Lmax are the shortest and longest overall paths possible for a ray o f a given 
order, and dmm and dmax are the smallest and largest dimensions of the room, respectively.
The results of such an assumption, for the two example enclosures are:
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Table 5-4: Assumed ray arrival limits (office)
‘office’ 0 1 2 3 4
Min d d 2.5 5 7.5
Max d 8 12 16 20
Table 5-5: Assumed ray arrival limits (corridor)
0 1 2 3 4
Min d d 2 4 6
Max d 40 60 80 100
The relationship between successive ray arrivals is illustrated in Figure 5-11, for the ‘office’ 
case.
 1st order
 2nd order
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ray path length (m)
Figure 5-11 : assumed ray arrival intervals (‘office’)
Where the maximum and minimum times for a number of ray orders overlap, the arrival 
probabilities are scaled to give an overall arrival probability of 1. This is illustrated in Figure 
5-12, where only first-order arrivals are possible for rays less than 2.8m, beyond which arrivals 
of first and second order are equally likely. The probability of ray arrival must always sum to
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unity as the model is aiming to predict the envelope of the ensemble of room PDFs, rather than 
the channel behaviour at a specific location.
Figure 5-12: Overall ray-arrival probabilities
Each of the assumed ray-arrivals is weighted according to the number of intersections with the 
surfaces of the enclosure, thus:
where R is the mean reflectivity of the enclosure, and P(n, x) the arrival probability for ray a 
ray of order n at delay t.
5.4.1 Mean reflection coefficient
The determination of R is the least straightforward part of the modelling. To determine an 
average figure for a particular room, the ray tracing software has been configured to generate a 
large number of random transmitter-receiver pairs, and to record the statistics of the reflection 
coefficients for all intersections of rays with building surfaces. The software is able to associate 
specific electrical characteristics with each surface (e.g. wall, floor) and each subsurface (e.g. 
door, window), and these are used to generate complex Fresnel reflection and transmission 
coefficients, taking full account of the polarisation of the incident ray. The software is 
described in Annex A and a collation of data on electrical properties of materials is given in
1st order 
2nd order 
3rd order 
4th order
0 5 10 15 20 25
ray path length (m)
\ u direct J  n
(5-19)
Annex B
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An example of the statistics generated by the software is given in Figure 5-13, below.
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Figure 5-13: S ta tis t ic s  o f  room  reflectivity (‘o ffic e ’)
A simplification has been made in the ray tracing software, in that it is assumed that reflections 
occur only from a single air-material interface, in other words treating walls and windows as 
having infinite thickness, as in the right hand sketch of Figure 5-14. In practice, multiple 
reflections are possible within the material, giving rise to interference effects, as indicated in 
the left-hand sketch of the figure.
R
R'
R
Figure 5-14: S im plification  o f  d o u b le  (left) to  s in g le  (right) m aterial b oundary
The effect of this simplification has been quantified, and is illustrated in the figures below for 
materials at two frequencies.
81
A physical-statistical model for the indoor radio channel
 width = 30cm
 Single boundaryI
.2
1
Incidence angle (deg)
 width = 30cm
.  Single boundarys
!
.1
S
Incidence angle (deg)
Figure 5-15: Brick (er= 4-j0.1) at 2.4 GHz (left) and 5.8 GHz (right)
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Figure 5-16: Concrete (Er =  7-j0.85) at 2.4 GHz (left) and 5.8 GHz (right)
The use of such ray-tracing simulation on a case-by-case basis would clearly render the new 
model useless, as it would be simple to derive the overall PDF characteristics directly from the 
output. It is, therefore, intended that, in practical use, tables of representative bulk room 
reflectivities would be determined for typical building and room types. Such tables might take 
explicit account of different clutter categories (e.g. soft furnishing, metal workshop equipment, 
etc).
The estimation of average room reflectivity is the aspect of the modelling that is prone to the 
greatest uncertainty, much of which is due to the difficulty of determining the underlying 
construction materials of buildings of interest.
The simplifying assumption has also been made in the work reported here that multipath 
energy within a room is due to specular reflection from surfaces. In practice, scattering will 
also be significant, and increasingly so at higher frequencies.
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5.4.2 Sensitivity
Figure 5-17 shows the predictions of the model for the case of a room with minimum and 
maximum dimensions of 2.2m and 12m respectively, for a variety of assumed bulk 
reflectivities.
0.2
0.3
0.4
-1 0
-20
-30
-40 0 20 40 60 80 100 120 140 160 180
delay (ns)
Figure 5-17: Model sensitivity to changes in assumed reflectivity
In Figure 5-18, the model is exercised for a room with average reflectivity of 0.3, a minimum 
dimension of 2.2m and a variety of assumed maximum dimensions. As might be expected, the 
impact is on the tail of the PDF, as reflections with longer delay become less probable.
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Figure 5-18: Model sensitivity to changes in maximum assumed dimension
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In Figure 5-19, the model is exercised for a room with average reflectivity of 0.3, a maximum 
dimension of 12m and a variety of assumed minimum dimensions. In contrast to Figure 3.16, it 
can be seen that the short-delay portion of the PDF is affected.
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Figure 5-19: Model sensitivity to changes in minimum assumed dimension
5.4.3 Comparison with m easurem ents
A number of measurements, detailed in Chapter 4, were made in support of the modelling 
described here, for which the sliding-correlator sounder, and robot vehicle described in Chapter 
4 were used.
Measurements have been made of channel response in two rooms emptied of furniture - one a 
conference room with dimensions of 12m x 7m x 2.8m and the other a domestic living room of 
3.8m x 3.5m x 2.5m. Measurements were made, using the robot, at a large number of points, 
and the results averaged to correspond to the room-general predictions made by the model.
The ray trace model was used to determine averaged reflectivity values for the conference and 
living rooms of 0.31 and 0.35 respectively. Predictions of the PDP for the two rooms are 
compared with the measurement results in Figure 5-20 and Figure 5-21.
84
A physical-statistical model for the indoor radio channel
-  Predicted
XXX Measured
- 1 0
-2 0
-3 0
-4 0
40 100 120 140 160 180
delay (ns)
Figure 5-20: measured and predicted PDP for ‘SSC’ room
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Figure 5-21 : measured and predicted response for living room
5.4.4 Application of model
The model may be used as it stands for the prediction of average power delay profile 
characteristics within a single room. A more general application, however, might be as part of a 
more comprehensive model.
In particular, it would be useful to include the new model in simulations of channel response 
based on the Saleh & Valenzuela model (see Chapter 2). In this case, the PDP envelope from 
the model proposed here would replace the assumption of a fixed exponential decay constant y 
for the decay of energy within individual ray-clusters.
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This would allow a useful site-specific element to be introduced to this model with minimal 
computational overhead.
Figure 5-22 shows the result of a single random trial (within a Monte Cralo model) made using 
the standard Saleh and Valenzuela model with the parameters suggested in [Saleh, 1987]. The 
user of such a model has no means of tailoring the predictions made by the model to a specific 
environment, other than by adopting new parameters for arrival rate and decay on the basis of 
experiment or assumption.
- 5 n s  
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i -20
“40 “
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Figure 5-22: Random PDF generated using S&V model with parameters as given in
[Saleh, 1987]
If the proposed model is used to provide the ray decay rate (y) in the Saleh and Valenzuela 
model, a useful degree of site-specific behaviour can be introduced. This is illustrated in Figure 
5-23 and Figure 5-24, where cluster decay rates appropriate to rooms with different maximum 
dimensions are derived using the proposed model. In each case, the PDF is plotted for two 
values of receiver temporal resolution, 5ns and 10ns.
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Figure 5-23: As Figure 5-22, but with ray decay (y) modelled using new model with 
parameters min=2.5, max=12, reflectivity=0.3
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Figure 5-24: As Figure 5-23, but with maximum room dimension = 5m
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Chapter 6: Further work and conclusions
The model presented in the previous chapter offers a useful approach to the prediction of 
impulse response for systems in which both terminals are located in the same room. Such 
scenarios, however, account for only a small proportion of cases that are of interest.
6.1 Propagation between rooms and floors
In the general case, terminals providing indoor radio services will not be in the same room, or 
even on the same floor, within a building. It would be valuable to extend the proposed model to 
cater for such situations.
To do so to a statistically useful degree will require the use of input parameters that not only 
capture information regarding the building structures (walls, ceilings) separating the terminals, 
but also the overall characteristics of the building (maximum dimensions, the statistics of the 
building electrical properties, etc.).
One promising framework for such a model might be the Saleh and Valenzuela approach, with 
the ray arrival rate (X) and decay (y) parameters determined by the physical characteristics of 
the terminal rooms (as described above), and the cluster parameters (Aand F) determined by 
the path obstructions and overall building characteristics.
Given the enormous variability in the structure of buildings, and the number of potential 
pairwise terminal placements within them, it would be necessary to base any such model on a 
very large measurement database. In this context, the approach of [Ofcom, 2007] in which 
complex simulations are used as a substitute for measurements, might be a useful approach, 
with the caveat that careful validation of both the simulations and eventual model would be 
necessary.
Such a model would only be likely to repay the effort required to construct it if it embodied 
sufficient physical basis to allow some extrapolation beyond the data used in its construction. 
Given the complexity and variety of the physical mechanisms involved in intra-building 
propagation, this seems optimistic.
6.2 Outdoor-to-indoorpaths
Paths across the building boundary are of interest, as noted in Chapter 2, to designers of 
outdoor radio systems (including satellite systems) that aim to provide some degree of indoor 
coverage, as well as those concerned with interference between systems.
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If certain simplifying assumptions are made, the model proposed in Chapter 1 might be 
extended to allow statistical simulation of the impulse response of outdoor-indoor channels.
If it can be assumed that the radio energy enters the room in which the user is situated directly 
(through a wall, or aperture) rather than tracing a path through the building, the channel 
impulse response will generally be dominated by the same considerations of locally reflected 
energy as assumed in Chapter 1. In some cases, however, near specular reflections from other 
buildings and external clutter will be significant.
It the environment within which the building is located can be classified in terms of building 
density, it would be relatively straightforward to add additional probabilistic sources of long 
delay multipath to the summation of Equation 5-23.
6.3 Polarisation issues
In the work described above, no explicit account has been taken of the polarisation of transmit 
and receive antennas, except in the calculation of the bulk reflection coefficient within the ray 
tracing tool, in which vertical polarisation (VP) was assumed. The measurements detailed in 
Chapter 5 were also made using VP antennas.
There have been very few measurements reported in the literature that have compared the 
wideband indoor channel for different polarisations, with almost all measurements being made 
using VP antennas. In [Devasirvatham, 1986], some indoor-outdoor measurements were made 
cross-polarised (i.e. with one antenna horizontally polarised (HP), the other VP), giving delay 
spread statistics that were insignificantly different from the co-polarised case. Few, if any 
purely indoor measurements appear to have been made using circular polarisation (CP), though 
a number of studies of the outdoor-indoor channel (e.g. [Rudd, 2007]) have used CP as this is 
generally employed in mobile satellite systems.
Some initial consideration has been given to the treatment of polarisation issues, and is 
described below.
6.3.1 Orthogonal linear polarisations
For a completely symmetrical room, there would seem to be no reason to expect any difference 
in channel statistics whether arbitrarily-placed terminals use HP or VP. Although the Fresnel 
reflection coefficient will generally be significantly different for intersections with a given 
surface, symmetry will ensure that the average statistics for the room will be the same. In 
practice, however, rooms are not symmetrical, and some aspects of this asymmetry are fairly
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regular; for instance, the smallest room dimension is generally that from floor to ceiling, and 
metallic clutter, such as filing cabinets, generally features larger vertical than horizontal 
surfaces.
The structure of the proposed model dictates that any difference in behaviour between 
horizontal and vertical polarisation can only be accounted for in the value assumed for bulk 
reflectivity. Ray tracing simulations were therefore undertaken to determine bulk room 
reflectivities for both polarisations, and although the detailed statistics, shown in Figure 6-1 
show some significant differences, the average reflectivity values (-0.27) were found to differ 
by less than 0.006.
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Figure 6-1: Reflection coefficient s ta tis tics  determ ined by ray tracer for orthogonal
launch polarisations
Measurements using both HP and VP were made, using the channel sounder, in a small 
rectangular room, in a domestic house of traditional brick construction. The room dimensions 
were 7.0m x 3.0m x 2.8m. For these measurements, the robot was not used, and the transmitter 
was carried around the room in a semi-random fashion. A total of seven pairs of measurement 
runs were made, and the average power delay profile extracted for each run. Sample results are 
shown in Figure 6-2.
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Figure 6-2: Measured channel impulse response for HP and VP terminals in small
domestic room
As suggested by Figure 6-2, no systematic difference in the measured power delay profiles was 
detected for the two polarisations used in any of the measurements. The opportunity was taken 
to make a further comparison of the proposed model with these measurements, as shown in 
Figure 6-3, below.
Predicted 
XXX Measured (HP) 
OOO Measured (VP)
-1 0
-2 0
-3 0
-40
0 20 40 60 80 100 120 140 160 180
delay (ns)
Figure 6-3: Measured and predicted channel impulse response terminals in small domestic room
Despite the apparent lack of any measurable difference between the polarisations, it would be 
worthwhile to carry out further comparisons in rooms with different dimensions, clutter and 
construction.
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6.3.2 Circular polarisation
Many empirical studies have shown that the use of circular polarisation will generally reduce 
the channel delay spread in indoor, urban and other environments. This reduction is to be 
expected as the direction of polarisation will be reversed on each reflection of a wave by an 
obstacle or boundary, owing to the phase-reversal7 predicted by the Fresnel reflection
coefficients for the orthogonal components. This has the implication that odd-order-reflected 
energy will be rejected at the receive terminal to a degree corresponding to the cross-polar 
discrimination (XPD) of the antenna.
This mechanism can readily be accommodated within the framework of the proposed model. In 
the original version, the power delay profile was given by:
This expression is modified, to introduce a ‘polarisation discrimination factor’, (3, which is 
applied to odd-order reflected energy.
The p term will, therefore have no effect for even-order reflections, but will reduce the
X  direct /
(from 5-23)
X direct J
(6 -1 )
contribution to the PDF for odd-orders. (3 should be chosen to reflect the practical degree of 
XPD achieved by the antennas in us, averaged over all arrival angles.
Figure 6-4 illustrates the impact of this correction for two values of p.
7 Other than beyond the Brewster angle in the case o f  parallel polarisation
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Figure 6-4: Impact on predicted PDF of circular polarisation with two values of
aggregate XPD
No measurements have been made in the present work of the indoor channel between 
circularly-polarised terminals. The indoor-outdoor campaign described above did, however, 
include such measurements, and average PDFs are shown in Figure 6-5 for a small living room 
(8.25 x 3.5 x 2.2m) in a domestic property measured with linear (VP) and circular polarisation. 
The antennas used for linear and circular polarisation both had a nominal gain of 8dBi.
The model was used to produce a prediction for the same room, assuming a value for p of 0.1 
(lOdB averaged XPD), and the results for both polarisations are shown in Figure 6-6. It can be 
seen that the features are broadly similar, with circular polarisation giving lower multipath 
powers at around 10-40ns delay, and also at beyond 70ns.
Further measurements would be needed to confirm the performance of the model, but it does 
appear to offer promise.
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Figure 6-5: average PDF measured in Guildford living room for linear and circular
polarisation
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Figure 6-6: Predicted PDF for room of same dimensions as Guildford living room for
linear and circular polarisation
Linear 
CP (beta=0.1
c-c
v-v
6.4 Other issues
It has been noted in Chapter 5 that the most significant uncertainty in the proposed model 
relates to the determination of the average reflectivity of the rooms of interest. This uncertainty
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might seem unavoidable, owing to the difficulty of determining the constituent materials of 
buildings. However, even if detailed information were available, the statistical nature of the 
model would not allow it to be used directly. What is required is an understanding of the 
spread in effective bulk reflectivity of rooms, and the way in which this characteristic might be 
correlated with a practical room or building classification.
Having developed suitable sounding equipment, it would be relatively straightforward to make 
measurements of the average PDF within a large number of rooms. The measurements reported 
in this thesis were time-consuming largely on account of the attempt to determine the statistical 
impact of furniture on the channel, which imposed the requirement to use the robot platform to 
ensure repeatability between measurements, and the need to empty rooms of furniture during 
each measurement session. Freed of these constraints, the average POP for a room might be 
determined in a matter of minutes, allowing a large database to be constructed.
Such information, in sufficient bulk, might allow the model to make predictions on the basis of 
the room dimensions and some form of categorisation to determine an assumed reflectivity. 
Values of assumed reflectivity, thus determined, would be a only a semi-physical parameter, 
allowing the model to be ‘tuned’ to agree with measurement data at whatever frequency is used 
for the characterisation exercise.
It would, therefore, be valuable to conduct further work into the accuracy of the prediction of 
average reflectivity by means of detailed modelling (e.g. using ray tracing methods) combined 
with measurements in a few canonical enclosures at a variety of frequencies. The current work 
has been carried out at a frequency of 2.4 GHz, where specular reflection is generally well 
supported. At much lower frequencies, plane surfaces may be of insufficient extent to support 
such reflection, while at higher frequencies, the larger, plane surfaces will appear rough, and 
scattering will become a more significant contributor to received multipath power.
The extension of the model proposed in this chapter to allow the modelling of channels using 
circular polarisation needs to be supported by further data, and it would be convenient to make 
measurements of the statistical dependence of delay spread on terminal antenna directivity at 
the same time, to allow this to be added as a statistical model parameter. It is generally the case 
that the use of directive terminal antennas reduces channel delay spread, but this assumes that 
the antennas are appropriately aligned. While it might be possible to introduce a term into the 
model to account for mutual antenna alignment, this would, perhaps, be inappropriate in what 
is a largely statistical model, as it would also need to take account of the alignment of the radio
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path with the maximum and minimum dimensions of the room. It seems likely that the most 
appropriate means of incorporating the impact of antenna directivity into the model would be 
in the form of an empirical correction to the bulk reflectivity.
Finally, the practicality of using the proposed model as part of a more comprehensive 
procedure might be investigated. It has been suggested in this thesis that it might be possible to 
extend the Saleh and Valenzuela modelling approach by deriving empirical expressions for 
cluster arrival and decay rates based on overall building and path parameters (number of floors 
& walls crossed, etc) while modelling the behaviour of rays within a cluster using the model 
proposed in this thesis. Alternatively, a more deterministic approach might be pursued, in 
which the new model is added as an ‘end correction’ to a ray-tracing model to minimise 
computation time.
6.5 Conclusions
This thesis has presented a new model with which the room-average characteristics of the 
power delay profile (PDF) for an indoor channel may be determined. The model is based on 
simple physical-statistical assumptions regarding the absorption and reflection of radio energy 
within rooms, and was initially inspired by the well-known acoustic modelling methods due to 
Sabine and others. The model shows good agreement with measurements made with a channel 
sounder in four representative rooms.
The proposed model currently addresses only those channels for which both terminals are 
located in the same room; the model should, however, be useful as a means of adding a site 
specific element to more general statistical models, such as that of Saleh and Valenzuela, or as 
an element within ray-tracing models to reduce computational effort. A simple extension to the 
model provides a means by which the predictions made may take account of the use of circular, 
rather than linear, polarisation.
In support of the model development, a lightweight and cost-effective channel sounder has 
been developed, and this has been used to make a series of measurements of the indoor 
wideband channel at 2.4 GHz. A novel feature of these measurements was an attempt to 
identify the statistical impact on the channel of the presence of furnishings within a room. In 
the event, no significant overall effect was determined.
The measurements were analysed to extract data on the fading characteristics of individual 
multipath components; it was found that, regardless of the relative delay of the component, or 
the type of radio path (line-of-sight or obstructed), the fading of individual components was
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best described by a lognormal, rather than Rayleigh distribution, contradicting the assumption 
made in the original model of Saleh and Valenzuela.
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Annex A: Ray-tracing model
This annex describes the software ray-tracing model used in the development and evaluation of 
the model described in this thesis.
A1 Requirement for ray-tracing software
The statistical nature of the models considered in the work described has required the ability to 
understand, and to examine in detail, the behaviour of rays launched within an enclosure.
Physical experiment can supply some of this information, and must form the benchmark 
against which any eventual model or system must be judged. There are, however, significant 
problems with the use of such data as a developmental tool.
Perhaps the most significant objection is simply the labour- and time-intensive nature of such 
measurement. To identify enclosures of the necessary canonical forms, and to conduct 
measurements to explore the range of scenarios necessary for model development would be 
unfeasible in the time available.
A further, more fundamental, problem is that measured data, even if of sufficiently high 
resolution to identify individual rays, is incapable of recording the reflection order of such rays.
For these reasons, the development of an appropriate software model was undertaken at an 
early stage of the project.
A2 Modei architecture
A.2.1 Input data
Building data is captured in the form of XML data files. A fragmentary example of such input 
is shown below.
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<?xml version=" 1.0"?>
<DATABASE TYPE="building">
<BUILDIN G>
<NAME>SSC room</NAME>
<SURFACE>
<NAME>walI 1</NAME>
CVERTEX SIZE="3" SEPARATOR=",">0.0,0.0,0.0<ZVERTEX>
<VERTEX SIZE="3" SEPARATOR=",">0.0,0.0,2.8</VERTEX>
<VERTEX SIZE="3" SEPARATOR=",">0.0,13.75,2.8<WERTEX>
<VERTEX SIZE="3" SEPARATOR=",">0.0,13.75,0.0<A/ERTEX>
<SIGMA>0.01</SIGMA>
<EPSILON>4.22</EPSILON>
<LOSS>8.0</LOSS>
<THICKNESS>7.0</THICKNESS>
<SUBSURFACE>
<NAME>windowl </NAME>
<VERTEXSIZE-'3" SEPARATOR=",">0.0,8.0,0.5</VERTEX>
<VERTEX SIZE="3" SEPARATOR=",">0.0,8.0,2.5<WERTEX>
<VERTEX SIZE="3" SEPARATOR=",">0.0,9.0,2.5<7VERTEX>
<VERTEX SIZE="3" SEPARATOR=",">0.0,9.0,0.5<A/ERTEX>
<SIGMA>-999.9</SIGMA>
<EPSILON>0.0</EPSILON>
<LOSS>0.0</LOSS>
<THICKNES S>0.5</THICKNESS>
</SUBSURFACE>
The fundamental structure used in the model is a C++ ‘Surface'’ class. Such elements are 
polygonal plane surfaces, each of which includes information on the electrical characteristics 
of the material. Recursive ‘Subsurfaces’ are permitted, allowing the modelling of windows or 
doors within larger elements.
Any number of plane surfaces may be assembled to generate enclosures or buildings or 
arbitrary complexity, and any number of individual buildings may be combined in a single 
database to represent a town or campus.
For much of the modelling described here, the input database was, limited to a simple 
enclosure with four walls, a roof and floor. The exceptions were the cases where ray-tracing 
simulations were made for comparison with measured results.
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A3 Algorithms
The ray trace model uses the ‘ray-launching’ approach, in which rays are launched at angles 
from -n il to -hr/2 radians elevation, and -tt to h r  radians azimuth. Each ray is then traced as it 
is transmitted and reflected from the surfaces within the model, until it falls within a defined 
distance from a hypothetical ‘receiver sphere’. The angular separation between launched rays 
is chosen by the user to give the spatial resolution required, while the radius of the receiver 
sphere is determined as a function of the launch angular separation and the ‘unfolded’ length of 
traced rays to ensure that a given path between the terminals is only accounted for once.
An alternative approach to ray tracing is to use some form of ‘image method’, in which the 
relative geometry of the ‘transmit’ terminal and the building surfaces is used to determine the 
locations for a series of image sources. This method can be significantly more efficient for 
simple environments, and can achieve higher precision in the correct identification and 
rejection of ray paths. However, the computational requirement can become excessive for large 
and detailed environments. As it was hoped to make use of the software for complex indoor- 
outdoor simulations, the ray launch method was chosen.
When a ray is launched from the source, the model iterates through all the surfaces within the 
database, to determine which would be crossed by the ray. The plane in which a given surface 
lies has the equation:
â ' h - d
where the normal to the surface is the vector n = (/,. + rrij + nk ) , and à is the position vector of 
any point on the surface (in this case taken to be one of the vertices from the database).
The start and end points of a ray may be substituted in the equation of the plane - if the signs of 
the results are opposite, the plane must be crossed by the ray, and the point of intersection can 
be calculated. The distance from the start of the ray, p  to the plane is given by:
d = ( a - p ) - h
The intersection point, n , in the plane, of a ray whose direction is given by the unit vector r , 
will be:
n =rd  + p
111
Ray-tracing model
The point thus determined is then tested to see if it lies within the boundaries of the s u r fa c e ,  
using a standard ‘point in polygon’ algorithm8. The s u r f a c e s  thus identified are then compared 
to identify that lying nearest the source, and an instance of another C++ object, a n o d e ,  is 
created, representing the point of ray intersection with the s u r fa c e .  Member functions of the 
s u r f a c e  class are then used to calculate the complex Fresnel transmission and reflection 
coefficients, and angles, using the standard expressions (for speed, the model makes use only 
of the basic expressions for reflection at a single boundary, as discussed in 5.4.1).
For perpendicular polarisation9, as in Figure A -l, where the electric field is normal to the plane 
of incidence, the reflection coefficient is given by:
cos# — 
Pl = ---------
( f r - / — )- s in 2 #
6)g° A-1
C O S 0 +  ( s r +  j  ) - s in 2 6
V cos„
where sr is the real part of the relative permittivity, and noting that the incidence angle, 0, is 
specified with reference to the surface normal, rather than the surface itself, as in many 
propagation texts.
8 Summing the angles from the point to the vertices o f the polygon, and testing for equality to 2n.
9 Often, loosely, referred to as ‘horizontal polarisation’, though this is confusing where any surfaces other than a 
plane earth are involved.
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Figure A-1: Perpendicular polarisation
The equivalent expressions for parallel polarisation are
<j
( X y - / ------)cos<9-
C O S r
(7
) - s i n ^  
MZp_________
(J
( X . - . /  ) c o s i 9 - J ( ^ + y  ) - s in  6)
C O S  r
Plane of incidence
Material surface
Figure A-2: Parallel polarisation
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The Fresnel coefficients are calculated for both parallel and perpendicular polarisations, as in 
general, an incident ray may contain both components. The relevant apportionment between 
polarisations is then determined.
Having determined the reflection and transmission coefficients for the new node, further rays 
are launched from the node location. These rays, and their ‘offspring’ are pursued until a user- 
set order limit or distance limit is exceeded, or the receiver sphere is found.
As the model iterates through all the rays to be launched, a list of the nodes associated with 
successful rays (i.e. those reaching the receiver) is retained in memory.
Figure A-3: Ray trace prediction for ‘SSC’ room showing reflections to third order in
azimuth (top) and elevation (below)
At the end of a prediction run, the delay, amplitude and phase of each ray arrival can thus be 
determined, and a complex summation made to determine the overall channel response, 
convolving an appropriate receiver response as necessary.
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Figure A-4: Channel response prediction from ray trace model
Figure A-4 shows a typical predicted power delay profile generated by the ray-trace model. 
The case illustrated is for the ‘SSC’ room, and has a mean delay of 8.9ns with a delay spread of 
6.6ns.
It is also possible to take the complex sum of all multipath arrivals to determine the overall 
•channel power at a point in the room. If an array of test locations is set up in the model, a 
prediction may thus be made of the variability of channel power along a route. A prediction of 
this type is shown in Figure A-5, showing a multipath fade at around 0.36m, and a 6dB 
coherent addition at 0.06m.
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Figure A-5: Received power predicted along a short test route
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Annex B: Electrical constants
The values predicted for bulk room reflectivity by the ray-tracing model described in this thesis 
will be valid only if the electrical properties of the room are correctly accounted for within the 
model.
This annex summarises some of the experimental data on the electrical constants of relevant10 
materials, and gives a summary of the values assumed in the work described.
B1 Sources
It is clear that there is no standard format for the presentation of such data, with values being 
presented in terms of complex refractive index, complex permittivity, permittivity and loss 
tangent, or permittivity and conductivity. The data in the tables below is given in the form in 
which it is originally quoted. Many other sources quote partial information, often without 
specifying the measurement frequency.
Only data relating to frequencies between 100 MHz and 20 GHz has been included in the 
tables below.
For use in the ray trace model, it is necessary to express the material characteristics in terms of 
the permittivity and conductivity. Consequently, values of conductivity (S/m) were obtained 
from the complex permittivity data, using:
{T =  S " £ 0 G)
where co is angular frequency, and so the permittivity of free space (8.854 x 10"12 Fm*1). 
Derived values of a  are shown in shaded columns.
B.1.1 ITU-R Recommendation P.1238-5
Table 7 of [ITU-R 1238] gives complex permittivity values for a number of materials at 1 
GHz, and at four millimetric frequencies. Only the 1 GHz values are given here.
10 Some o f  the sources also give data on, for example, ground and water, but these values are not included here
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Table B-1: Material constants at 1 GHz (P.1238-5)
M aterial Sr’ Sr” <y
Concrete 7 0.85 0.047
Light concrete 2 0.5 0.028
Ceiling board (rock wool) 1.2 0.01 0.0006
Glass 6.76 0.09 0.005
Fibreglass 1.2 0.1 0.006
B.1.2 COST 231 Final Report
The Report [COST 231] includes data on building material constants (Table 4.7.4, p. 185). Data 
is cited from three references. The values are assumed from the context to be applicable at 900 
& 1800 MHz. The data given for Tight concrete’ appear to be from the same source as in the 
ITU-R table, and consequently a frequency of 1 GHz was assumed in determining the values 
for conductivity.
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Table B-2: Material constants from [COST 231]
M aterial Er’ Er” Thickness
(cm)
a
Concrete 9 0.9 25 0.05
Concrete 6 0.7 25 0.039
Light concrete 2 0.5 10 0.028
Brick 4 0.1 13 0.0056
Plasterboard 6 0.6 2x1.3 0.033
Plasterboard 2.5 0.1 2x1.3 0.0056
Particle Board 3 0.2 2x1.3 0.011
Wood 2.5 0.03 5 0.0017
Glass 6 0.05 2x0 .3 0.0028
Bookshelf 2.5 0.3 30 0.017
B.1.3 Report for the Radiocommunications Agency: “Indoor propagation 
factors at 17 GHz and 60 GHz”
This study [Fiacco, 1998b] derived refractive index values by parameter fitting to measured 
reflection coefficients at 17 GHz and 60 GHz. Both linear and logarithmic fits were applied -  
only the latter is given here. Furthermore, the fit was made with respect to both a single-layer 
model (i.e. the material has only one interface with the air, and has an infinite thickness) and a 
two-layer model (where sheet material of finite thickness is assumed). In the case of 
plasterboard, fit was also made to a model assuming two sheets with an air gap. Only the two- 
layer (or two-sheet plasterboard) values for 17 GHz are reported here. The RMS error is also 
reported.
Complex permittivity values were derived from the refractive indices, and the values for 
conductivity then derived as above. The conductivity values generally appear to be 
significantly lower than those given by other sources.
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Table B-3: Material constants from [Fiacco, 1998b]
M aterial Refractive
index
Gr Loss tangent Erms
Clear glass (4mm) 2.56-j0.0001 6.5682 8.1 x 10"b 0.8 4.842 x 10"4
Meshed glass (5 mm) 2.16-j0.0002 4.6853 0.000246 1.2 8.171 x 10"4
Plain wood (19mm) 1.48-j0.29 2.1175 0.41713 0.9 0.811
Plasterboard (5mm) 2.7-j0.0002 7.297 0.000186 1.9 1.021 x 10"J
Plasterboard (two 
adjacent sheets)
2.42-j0.002 5.9045 0.00208 2.4 9.155 x 10~J
Plasterboard (two 
sheets, 5mm air gap)
2.13-j0.002 4.5422 0.00248 4.9 8.058 x 10"3
Thermolite block 2.32-J0.416 5.216 0.37067 2.0 1.825
B.1.4 Rappaport, “Wireless communications, Principles & Practice”
This book [Rappaport, 1996] includes table 3.1 (p.80), which quotes data from [Von Hippie 
1954].
Table B-4: Material constants from [Rappaport, 1996]
M aterial Sr <7 Frequency (MHz)
Brick 4.44 0.001 4000
Limestone 7.51 0.028 4000
Glass (Coming 707) 4 0.000027 100
Glass (Coming 707) 4 0.005 10000
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B.1.5 Bertoni, “Radio Propagation for Modern Wireless System s”
Table 3-1 of this book, [Bertoni, 2000], includes data from a number of different sources 
(including Von Hippel, references given).
Table B-5: Material constants from [Bertoni, 2000]
M aterial e’r 8” r at
frequency
a
Glass 3.8-8 <0.003 at 
3 GHz
<5.001 x 10‘4
Wood 1.5-2.1 <0.07 at 3 GHz <0.012
Dry brick 4 0.05-0.1 (3 & 
4 GHz)
0.008-0.022
Dry concrete 4-6 0.1 (3 GHz) 0.017
Aerated
concrete
2-3 0.1 (3 GHz) 0.017
B.1.6 Cuinas, Paper in ‘IEEE Trans, on Vehicular Technology’
This paper [Cuinas, 2001] is concerned with the determination of the electrical constants of 
building materials to provide input data for a ray tracing model. The measurement systems, 
using a VNA, determined upper and lower bounds for material permittivity and conductivity, 
based on best fit to the predicted reflection and transmission coefficients (in a similar fashion 
to that described in [Fiacco, 1998b]. Measurements of delay spread within buildings are also 
made, and these are shown to fall within the bounds of ray-traced predictions made using the 
minimum and maximum measured values of permittivity. All measurements were made at 5.8 
GHz.
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Table B-6: Material constants from [Cuinas, 2001]
M aterial
Minimum
Er
Maximum Mean
CJ
Façade 3.02 6.04 4.53 0.20
Brick wall 2.84 4.33 3.58 0.11
Chipwood 2.81 2.97 2.88 0.20
Glass 5.80 6.31 6.06 0.35
Doors 5.59 6.15 5.84 0.06
Plasterboard 1.64 2.42 2.02 0.00
Some of the values of a  derived in this work seem anomalously high.
B2 Summary
The material constituents of the rooms examined in the experimental work have been modelled 
only in coarse detail in the ray tracing software, largely due to the difficulty of establishing the 
underlying construction in any detail.
Furthermore, the data quoted above often gives a wide range of values for the same material, 
and some of the data may originate form the same source. Without further study, which would 
not be justified by the current requirement, there is no basis on which weight the relative 
reliability of the data, and no formal attempt to determine average values has therefore been 
made.
The data above have therefore been categorised in only a few groups, and representative 
material constants taken, assumed to be applicable at 2.4 GHz.
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Table B-7: Material constants assumed in modelling
M aterial E’r a
Concrete . 7 0.05
Light / aerated concrete / 
Thermolite
2 0.02
Brick 4 0.01
Glass 6 0.03
Plasterboard 6 0.03
Ceiling board 1.2 0.0006
Wood 2 0.002
A far more comprehensive survey of published values, which makes use of some of the same 
sources, has been included in [Ofcom, 2007].
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